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PLASMA IRON LEVELS AND URINARY IRON EXCRETION 
AFTER THE INTRAVENOUS ADMINISTRATION OF 
DIFFERENT IRON PREPARATIONS* 


BY 
J. A. NISSIM 
From the Department of Pharmacology, Guy's Hospital Medical School, London 


(RECEIVED NOVEMBER 8, 1952) 


The present study of plasma iron levels and 
urinary iron excretion after intravenous adminis- 
tration of different iron preparations was carried 
out to elucidate the fate of injected iron and 
obtain a better understanding of the mechanisms 
of toxicity of the different preparations. The 
doses used were near the maximum tolerated 
doses, and the compounds included both well- 
known and new preparations (Nissim, 1949, 1953). 


METHODS 


Serum and plasma iron were determined by the 
ortho-phenanthroline method (Laurell, 1947), modified 
in some details. Thus, the amount of HCl in this 
method (3 ml. 6N HCI to 6 ml. serum) converted only 
17.5% of saccharated iron oxide into ferric chloride, 
whereas complete breakdown required 9 ml. HCI to 
6 ml. of solution. At first estimations were carried 
out on blood serum, but inaccurate results were 
obtained with ferric glucosate, since the particles 
clumped and adhered to coagulating proteins during 
clotting. All subsequent iron estimations were made 
on plasma. 

Ortho-phenanthroline did not dissolve in 10% abso- 
lute alcohol to give a 2% solution, and a 1% solution 
in 30% absolute alcohol was used instead. Analar 
sodium sulphite was used instead of sodium hydro- 
sulphite : this made the solution alkaline, and 0.5N- 
HCl was added to get rid of the yellow paranitro- 
phenol colour before the addition of ortho-phenan- 
throline. The high plasma iron values also necessi- 
tated the addition of more ortho-phenanthroline and 
sodium sulphite to ensure the estimation of all the 
iron. The amount of plasma was reduced from 6 to 
0.5 ml. in order to use the steep part of the absorptio- 
meter curve. 

Effect of Haemdlysis on Serum Iron Values.—High 
plasma iron increased the tendency of the blood to 
haemolyse in vitro. The effect of haemolysis on 
serum iron values was therefore investigated. 

Rabbit blood (7.5 ml.) was partly haemolysed with 
2.5 ml. hypotonic saline to produce a deep pink colour. 





*This work formed part of an M.D. thesis approved by the 
University of London, 
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Serum iron was 0.28 mg. per 100 ml. after allowing 
for dilution. This is not much higher than serum 
iron values in normal rabbits (0.10-0.25 mg. per 
100 ml.). 

Red cells from 4 ml. of rabbit blood were washed 
repeatedly with normal saline, haemolysed completely 
with saponin, and treated with 12 ml. conc. HCl. The 
iron contributed by the haemolysed cells was 0.62 mg. 
per 100 ml. blood, which agrees with the values of 
non-haemoglobin iron present in red cells (Shortland 
and Wall, 1936). Even conc. HCl, therefore, failed 
to split the haemoglobin molecule. The accidental 
haemolysis of even one-tenth of the red cells would 
introduce an error of 0.06 mg. per 100 ml., which is 
negligible in experiments dealing with levels of 1 to 
over 100 mg. per 100 ml. 


Estimation of Iron in Urine.—Iron estimations were 
carried out as for plasma on 0.5 ml. of urine from 
two normal rabbits. The iron content was negligible ; 
it could not be estimated accurately with this method 
because of interference from pigments. Urinary iron 
excretion after iron injections was, however, high 
enough for comparative estimations to be made with 
the same simple method which was used for plasma. 


Modified Phenanthroline Method used in the Present 
Experiments.—Blood (3-4 ml.) is mixed in a graduated 
centrifuge tube with 0.1 ml. of 1% heparin, and centri- 
fuged for 15 minutes. The volume of plasma is noted, 
and 0.5 ml. is transferrred to a round-bottomed 50-ml. 
centrifuge tube ; 1.5 ml. conc. HCl is added, followed 
in 10 minutes by 3 ml. of 20% redistilled trichloracetic 
acid. The mixture is centrifuged until the supernatant 
fluid is clear. The latter is then poured into a 
12.5-ml. volumetric flask, a drop of 1% paranitro- 
phenol is added as indicator, followed by conc. 
ammonia, drop by drop, until a yellow colour is just 
obtained. The mixture is acidified with N/2 HCl 
until the colour disappears, buffered with 0.2 ml. of 
IN sodium acetate, and reacidified with N/2 HCI until 
the colour disappears again. Fifteen drops of 1% 
ortho-phenanthroline are added, followed by 150 mg. 
of sodium sulphite. When the latter has dissolved, 
the solution is reacidified with n/2 HCl until all 
yellow colour has disappeared. Distilled water is now 
added to the mark, and, after mixing, the intensity of 








372 J. A. NISSIM 


TABLE | 


PLASMA IRON LEVELS AND URINARY IRON EXCRETION AFTER THE INTRAVENOUS INJECTION OF DIFFERENT 
IRON PREPARATIONS INTO RABBITS 











“— — Fe Plasma Iron Quantity 
oO F (Hours after Injection) Excreted y 4 
Expt. Compound Rabbit | pa /f, 7 in 24 hrs.,| Excreted 
in kg. c/kg. in mg. 0 4 3 6 24 mg. Fe 
1 a | Saccharated iron oxide (G,) .. 2-9 45 130 125 95 70 45 5-4 — _— 
b | Iron and ammonium citrate .. 2-6 45 117 110 41-5 14 7 0:5 — — 
2 a | Saccharated iron oxide (G,) .. 2:1 45 94 120 95 41 24 1 3-0 3-2 
b | Iron and ammonium citrate .. 2-7 45 122 112 32 10 5 1 46:5 38-1 
3 a | Saccharated iron oxide (G,) .. 2-05 22°5 46 62 42 28 10 = 1-15 2°5 
b | Iron and ammonium citrate .. 2-4 22-5 54 45 17 7 2 — 8-7 16:1 
4 a | Saccharated iron oxide (G,) .. 2:1 180 380 340 i44 56 44 _— 8-25 2-2 
b ad 9 ms at cakes 2-3 360 828 500 375 175 —_ — 16-5 2-0 
5 a | Saccharated iron oxide(SampleB) 3-0 22:5 66 49 31 11-5 5 — 2 3-0 
b ‘ie i ot ut 2:3 22-5 50 46 34 13 5:5 — 1-9 3-8 
6 a | Ferrivenin 3-0 22°5 66 46 32:2 12:3 5-3 —_— 2-2 3-0 
b - ee 2:3 22°5 50 39 29 16 4 aes 1-63 3-3 
7a | Ferric glucosate 2-0 22:5 45 65 50 21°5 73 — 1-2 2:7 
b a ee 3-0 45 135 100 67 — — — — —_ 
c es ai se ie » 2-2 200 141 63 — — _ — —_ 
8 a | Ferric hydroxide ferrous ascor- 
ae ne 2:35 22:5 51 22 8 4 2 — 14-0 27:4 
b | Ferrous chloride ascorbate 3-15 22°5 71 4) 27 — — — — — 
9 a | Ferrous ascorbate 3-6 22:5 82 50 40 20 — — 1-0 1-5 
b | Neutral ferrous ascorbate 2°5 22°5 56 39 30 17 13 — 4-0 71 
c | Alkaline ferrous ascorbate 2°5 22:5 56 36 32 19 17 — 41 7:3 
10 a | Colloidal ferric hydroxide 2-05 22°5 46 11 9 1:25 0-9 — 0-125 0:27 
b | Ferric chloride caramelate 2:8 22°5 62-4 46 25 15 8 — 11-67 18-7 
11 a | Ferrous chloride pyruvate 2°5 4a°5 56 42 23 5 2°5 — 0-16 0-29 
b | Ferric chloride lactate 2-4 22:5 54 65 61 41 12 — 0-8 1-5 
12 a | Ferric tartrate .. 2°58 | 22:5 58 45 32 17°5 10-5 _ 2-04 3°5 
b | Ferronascine 2-75 22°5 62 50 38 25 16 — 2-15 3°5 






































The concentration of Fe in the injected solutions varied between 0-5 and 2%. 


the colour is estimated by the photoelectric absorptio- 
meter, using a filter with maximum transmission of 
light at wavelength 490 my. The reading is made 
against a control of distilled water treated similarly. 


RESULTS 


Plasma or serum iron levels and urinary iron 
excretion with different iron preparations are 
shown in Table I. The following points call for 
comment. 


Saccharated Iron Oxide (G,) and Iron and 
Ammonium Citrate—In each experiment two 
rabbits were used, one injected intravenously with 
saccharated iron oxide, the other with iron and 
ammonium citrate (both 45 mg. Fe/kg.). In 
Experiment 1 estimations were carried out on 
serum, in Experiment 2 on plasma (Table I). 

A wide difference is noted in the disappearance 
of iron from the blood with the two preparations. 
Indeed, if the first sample of blood after iron and 
ammonium citrate had not been collected speedily, 
the initial high figures would have been missed. 
If plasma volume in rabbits is taken as 3.5-4.5% 
of the body weight, a dose of 45 mg./kg. would 
give a plasma content of 100-130 mg./100 ml., 
provided the whole dose remains in solution in 
the blood. The first figures for both preparations 
were within these theoretical values. With iron 
and ammonium citrate, however, the rate of dis- 
appearance of iron was so rapid that the figures 


for the first estimations (110 and 112 mg.) were 
very likely less than the true theoretical values. 
The rabbits remained alive and well after the 
injection. Injection of half the dose of iron gave 
qualitatively similar results. 


Plasma Iron Levels and Urinary Iron Excretion 
after Intravenous Injection of Different Doses 
and Samples of Saccharated Iron Oxide—Two 
rabbits were injected intravenously with 180 and 
360 mg. Fe/kg. of saccharated iron oxide (G,) 
respectively (Table I, Experiment 4). The first 
rabbit died accidentally eight hours after injection, 
as a result of a haemopericardium from a heart 
puncture performed for collecting the last sample 
of blood; the second rabbit died, shortly after 
collection of the three-hour sample, with pul- 
monary and systemic haemorrhages. 


Relative to the dose injected, the immediate 
plasma iron levels were not as high as they should 
have been on theoretical calculations. By com- 
parison with the smaller doses of 22.5 and 45 mg. 
Fe/kg. previously given, the first levels should 
have been about 480 and 960 mg. %. The actual 
figures of 340 and 500 obtained lead to the con- 
clusion that from one-quarter to one-half of the 
injected iron was precipitated at once at the dose 
levels of 180 and 360 mg./kg. respectively, the 
proportion of immediate precipitation increasing 
rapidly with the dose. The rate of fall of plasma 
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iron after these doses is also much more rapid 
than with the smaller doses of 22.5 and 45 mg. 
Fe/kg. The plasma iron level of 500 mg. % is 
the highest ever recorded. 

The amount of iron excreted in the urine 
following increasingly larger doses of saccharated 
iron oxide shows a steady and appreciable rise, 
but the actual percentage of excretion shows some 
decline. This is perhaps caused by iron pre- 
cipitates blocking capillaries in the kidney. With 
truly diffusible preparations such as iron and 
ammonium citrate, a rise in the total amount, as 
well as in the percentage of iron excreted, has been 
obtained. 

In Experiment 5, Table I, two rabbits were given 
intravenously a dose of 22.5 mg. Fe/kg. of sample 
B of saccharated iron oxide (Nissim and Robson, 
1949), and another two were given the same dose 
of Benger’s saccharated iron oxide (“ Ferrivenin ”’). 
Both these samples (precipitation point at pH 5.7 
and 5.8 respectively) gave rise to a lower plasma 
iron than that after sample G, (p. pt. at pH 3.7). 
For a quantitative comparison, the average of the 
two half-hour values obtained with each sample 
of saccharated iron oxide was studied. The half- 
hour values are more likely to give accurate 
results, since by that time the rate of fall of the 
plasma levels has slowed down considerably, and 
speed in collecting the blood samples is not so 
vital as with the first set of values. The half- 
hour averages are: 





Saccharated iron oxide (G,)= a = (41 
Saccharated iron oxide (B) = =. = 32.5 
Ferrivenin = = * ad = 3.5 


The differences appear to be significant. Neither 
the histological findings nor the urinary excretion 
suggest that this more rapid fall is due to greater 
diffusibility. For this reason, and in view of the 
greater toxicity of sample B and ferrivenin, these 
lower figures are indicative of greater precipita- 
tion. The lower initial values are compatible with 
some degree of abrupt precipitation at this dose 
level, comparable to that seen with sample G, 
with doses of 180 and 360 mg. Fe/kg. 


Colloidal Ferrié Hydroxide——One rabbit in- 
jected with 45 mg. Fe/kg. intravenously of 2% 
Fe solution of colloidal ferric hydroxide 
(“ Colliron ”’-Evans) died in two minutes. Blood 
withdrawn by heart puncture gave a serum iron 
of 20 mg. %, only about a sixth of the theoretical 
value. Death was no doubt due to the massive 


precipitation known to occur with colloidal ferric 
hydroxide. Even the low figure of 20 mg. % 
could not entirely have been due to iron remain- 
ing in solution, but must have included fine 
floccules floating in the blood. 


Ferric Glucosate-——A rabbit injected with 45 
mg. Fe/kg. intravenously of 2% Fe solution of 
ferric glucosate died in two hours with haemo- 
ptysis. Post-mortem examination showed massive 
haemorrhages confined to the lungs. A dose of 
22.5 mg. Fe/kg. was not fatal (Table I). 

Two other rabbits were injected intravenously 
with 45 and 90 mg. Fe/kg. of ferric glucosate 
respectively. Both died before the three-hour 
samples could be collected (Table I), their survival 
times being 24 and 14 hours respectively. The 
theoretical values for the first samples correspond- 
ing to these doses are 120 and 240 mg. %, but from 
the actual figures obtained, viz., 100 and 141 mg. 
%, it appears that abrupt precipitation begins to 
occur at lower plasma levels than with saccharated 
iron oxide. The half-hour plasma levels show that 
the rate of fall of plasma iron concentration is also 
correspondingly more rapid. 


“Ferric Hydroxide Ferrous  Ascorbate.”— 
Urinary elimination of “ferric hydroxide ferrous 
ascorbate” was remarkably high, and, because of 
the dark colour of the preparation, urine passed 
within the first half-hour was almost black. Most 
of the iron in the urine was excreted in that period 
as later samples were near normal in colour. The 
rabbit remained alive and well. 


“ Ferrous Chloride Ascorbate.’—This rabbit 
died 40 minutes after the injection. Its bladder 
contained 6 ml. urine, and iron estimation gave a 
urinary excretion not higher than 0.63%. The 
difference between this preparation and “ ferric 
hydroxide ferrous ascorbate” was unexpected. 
Although the rabbit injected with “ferrous 
chloride ascorbate” died within 40 minutes, its 
urinary excretion in 24 hours is not likely to have 
exceeded 2%. That this low urinary iron excre- 
tion after “ferrous chloride ascorbate” was not 
due to the early collapse and rapid death of the 
animal is shown by the fact that rabbits which 
were injected with large doses of “ferric 
hydroxide ferrous ascorbate’ and which died as 
early as half an hour after the injection showed a 
urinary iron excretion as high as 20%. The two 
iron preparations are thus exactly opposite in this 
respect. Plasma iron levels of “ferrous chloride 
ascorbate” were higher and more maintained 
than those of “ferric hydroxide ferrous ascor- 
bate.” This fact is of significance, and it may be 
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safely concluded that the greater toxicity and 
lower urinary excretion of this preparation is not 
due to massive precipitation as with colloidal 
ferric hydroxide. Other more important factors 
are at work. 


Neutral and Alkaline Ferrous Ascorbate.—One 
rabbit injected with freshly prepared ferrous 
ascorbate (Maurer and Schiedt, 1936) died in 12 
hours. Post-mortem examination showed lung 
haemorrhages, though not as marked as with 


“ferrous chloride ascorbate,” and considerable’ 


oedema with areas of collapse. 

Urinary iron excretion did not exceed 1.5%, in 
contrast to the 27.4% of “ ferric hydroxide ferrous 
ascorbate.” This was not merely a fortuitous 
result. While carrying out toxicity studies on 
mice, the excretion of “ferric hydroxide ferrous 
ascorbate’ was found to be so rapid that the 
urine turned black at the end of the intravenous 
lethal doses of 90 mg. Fe/kg., provided these 
were given slowly in 5-10 minutes. This finding 
was made use of as a rough test for urinary 
excretion of iron-ascorbic acid preparations. The 
urine of mice injected with fresh neutral ferrous 
ascorbate remained clear amber in colour, while 
samples of ferrous ascorbate kept in solution for 
2-3 days showed increased urinary elimination. 
This was also borne out by the following experi- 
ments on rabbits. 

Two rabbits were injected with two samples of 
ferrous ascorbate which had been allowed to stand 
for a few days, one in neutral solution, the other 
at pH 11. The latter provided a control for 
“ferric hydroxide ferrous ascorbate” also of pH 
11. The iron content of filtered samples of both 
neutral and alkaline ferrous ascorbate was esti- 
mated before injection, as some of the iron preci- 
pitated on standing. The first rabbit died on the 
second day with some pleural effusion, solid oede- 
matous lungs, but no macroscopic haemorrhages. 
The second rabbit died on the third day with 
similar changes. 

The increased urinary elimination of these 
samples of ferrous ascorbate stopped short of that 
shown by “ferric hydroxide ferrous ascorbate,” 
however prolonged the period of keeping was. 
There is some evidence, nevertheless, that the 
excretion of the latter may be approached by 
samples of ferrous ascorbate with greater pro- 
portions of ascorbic acid. 


“ Ferric Chloride Lactate.”—This rabbit died in 
six hours with copious outpouring of frothy 
blood-stained fluid from the mouth and nostrils. 
Post-mortem revealed haemorrhagic areas in the 


lungs with considerable oedema and some pleural 
effusion. 


“ Ferronascine”’ (Roche).—This rabbit died on 
the third day, with the same triad of patchy 
haemorrhage, oedema, and collapse in both lungs. 


Fe % 


PLASMA IRON mg 











HOURS AFTER INJECTION 


@— — —®@ Iron and ammonium citrate. 
@——® Saccharated iron oxide G,, mg. Fe/kg. 


Fic. 1.—Plasma iron levels in rabbits after different iron preparations 
given intravenously in doses of 22.5 and 45 mg. Fe/kg. 


Plasma Iron Levels in Rabbits with Ligated Renal 
Vessels 


When the plasma iron curves of saccharated 
iron oxide and iron and ammonium citrate (Fig. 
1) are compared, the question arises whether 
urinary excretion can account for the whole 
difference in their rates of decline. If 62 mg. Fe % 
is taken as the theoretical plasma level imme- 
diately after the injection of 22.5 mg. Fe/kg. of 
both preparations (Table I, Experiment 3), it may 
be calculated that the difference between their 
levels at the half-hour estimation is equal to 40.3% 
of the total dose of iron and ammonium citrate. 
Even if all the iron appearing in the urine were 
eliminated in the first half-hour, the difference be- 
tween their urinary excretion could only account 
for 13.6%, leaving 26.7% to be accounted for. In 
order to obtain a definite answer, plasma iron 
levels were studied after ligation of renal vessels. 
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HOURS AFTER INJECTION 
@———@ Saccharated iron oxide G,. 





Before @— — —@ Iron and ammonium Citrate. 
After J * >< Saccharated iron oxide G,. 
«x ———>» Iron and ammonium citrate. 


Renal Ligation. 


Fic. 2.—Plasma iron levels in rabbits before and after ligation of 
renal vessels, following saccharated iron oxide (G4) and iron and 
ammonium citrate given intravenously in doses of 45 mg. Fe/kg. 


Two rabbits were injected intravenously with 
45 mg. Fe/kg. of saccharated iron oxide and iron 
and ammonium citrate respectively, shortly after 
their renal arteries and veins had been ligated on 
both sides ; the plasma iron levels are shown in 
Table II, Experiment 1. Both animals were killed 
at the end of the experiment. Their renal vessels 


were found to be well ligated and their bladders 
empty. As expected, the fall of plasma iron 
was more rapid after iron and ammonium citrate. 
An unexpected feature was the slowing in the fall 
of plasma iron in both rabbits. 

Two pairs of rabbits were injected intravenously 
with 45 and 22.5 mg. Fe/kg. of saccharated iron 
oxide and iron and ammonium citrate respectively, 
and their plasma iron levels and urinary iron 
excretion estimated. A fortnight later bilateral 
ligation of the renal vessels was performed, and 
shortly after recovery of the animals from anaes- 
thesia they were injected with the same dose of 
their respective preparations. Plasma iron levels 
were estimated as before, the animals were killed 
at 24 hours, and faulty renal ligation was excluded. 
The whole of the alimentary tract was removed 
after ligating both ends, and rinsed free from 
blood. Its contents were added to the faeces 
passed in the 24 hours by the corresponding 
rabbit, and the mixture dried and powdered. An 
aliquot portion was ashed, and iron estimated 
by the phenanthroline method (Table II). 

The considerable slowing in the fall of plasma 
iron after the ligation operation is more than can 
be accounted for by retention of iron previously 
excreted in the urine. Iron uptake by the kidneys 
was excluded by histological examination, as well 
as by a control experiment with saccharated iron 
oxide, in which the ureters were ligated instead of 
the renal vessels ; the slowing was again evident. 
This slowing may be presumed, therefore, to be 
due to depression of the activities of the reticulo- 
endothelial system, and the metabolic processes in 
general, as a result of uraemia, the anaesthetic 
(ether), or both. 

The iron present in the faeces plus alimentary 
tract contents was almost the same for both 
rabbits in both experiments, and any excretion of 


TABLE II 


PLASMA IRON LEVELS AND IRON EXCRETION IN RABBITS AFTER INTRAVENOUS INJECTION OF SACCHARATED 
IRON OXIDE (S.1.0.) AND IRON AND AMMONIUM Ga (1.A.C.) BEFORE AND AFTER LIGATION OF RENAL 











Quantity Quantity 
Weight of Fe (H Jae aoe tien) Excreted Excreted 
Experiment Compound | Rabbit | Injected a in Urine in Faeces 
in kg. in mg. in 24 hrs., | in 24 hrs., 
0 4 3 6 24 mg. Fe mg. Fe 
1. After renal ligation .. S.LO. 3-3 74 125 110 100 95 5 —_ _ 
at 3-5 79 120 72 45 20 — -- — 
2. Before renal ligation .. S.LO. 2-4 108 125 115 37 27:5 1-5 4-2 
: LAL. 2:1 94 110 28 9-5 3 0-5 36 — 
After renal ligation S.L.O. 2-4 108 128 120 95 44 —_ — 29-5 
eapyae LAC. 2-1 94 115 40 28 19 — — 31-2 
3. Before renal ligation .. S.LO. 2-2 50 64 40 25 8 — 1-9 — 
; LA«. 2-05 46 39 14 6 2 — 7-6 -= 
After renal ligation S.LO. 2:2 50 66 61 31-5 8-7 — — 25°8 
LAS. 2-05 46 44-5 23-5 9 4 —_ — 25:6 



































In Experiments 1 and 2 a dose of 45 mg. Fe/kg., and in Experiment 3 22.5 mg. Fe/kg. was used. The concentration of the solutions injected 


was 2 g. Fe/100 ml. 
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iron and ammonium citrate via the bowel could 
not adequately explain the rapid fall of plasma iron 
with this preparation. If excretion by this route 
were to explain the difference in plasma iron at 
the half-hour estimations, the figure for the iron 
and ammonium citrate rabbit would have to be 
58.8 mg. in the first experiment and 25.8 mg. in 
the second. 

The total iron of the faeces plus alimentary tract 
contents in all four rabbits was high. As no data 
were available on faecal iron in rabbits, control 
estimations were carried out on two normal 
rabbits of the same weight, their 24-hour faeces 
and alimentary tract contents collected, and the 
iron estimated as before. One rabbit gave an iron 
content of 28.5, the other 32.6 mg. It was 
realized that the iron in the diet of the rabbits 
(rabbit diet 18) was high, and in fact proved to be 
13 mg. % of its dry weight. Faecal iron in 
normal rabbits on this diet was 57 mg. % 
even without ashing. For exact determina- 
tion of percentage iron excretion via_ the 
bowels, rabbits should be kept on iron-free diet, or 
radio-iron used. The above experiments show, 
however, that iron excretion via the alimentary 
tract must be very small even with the massive 
doses of intravenous iron preparations used here. 


Diffusion of Different Iron Preparations into 
Tissue Fluids 

The easy passage of iron through the kidneys 
with preparations showing a high urinary iron 
excretion suggested that diffusion of the injected 
iron into tissue fluids might also take place. The 
diffusibility of some iron preparations was there- 
fore studied, using the live peritoneum as a dialys- 
ing membrane. Mice were injected with 2.0 ml. 
physiological saline intraperitoneally, and then, 
immediately afterwards, with the iron preparation 


TABLE III 


DIFFUSION INTO THE PERITONEAL CAVITY OF 
DIFFERENT IRON PREPARATIONS INJECTED INTRA- 











VENOUSLY 
Iron 
Dose Concentration 
Iron Preparation Injected in Peritoneal 
(mg. Fe/kg.) Fluid 
(mg. Fe %) 
1. Saccharated iron oxide (G4) .. 180 0-25, 0-18 
2. Iron and ammonium citrate .. 180 12°5,7°5 
3. Ferric glucosate a as 180 033° 
1. Saccharated iron oxide (G4) .. 90 0-2, 0-15 
2. Iron and ammonium citrate .. 90 4-3, 6°5 
3. Ferric hydroxide ferrous ascor- 
bate 90 7-2, 7:3, 8-6, 4:5 
4. Ferric chloride caramelate 90 4-0, 5-5,4:°5 
S$. tartrate .. ; 90 2-0, 2:0 
6. Ferronascine .. - 90 2-0, 1-5 
7. Ferric chloride lactate 90 0-4. 0-3 
8. glucosate 90 0-24, 0-16 











intravenously. The latter was given over a period 
of ten minutes ; in this way larger doses of the 
more toxic preparations could be administered. 
At the end of the injection the mice were killed, 
the peritoneal cavity was opened, and 1.0 ml. of 
fluid withdrawn. Great care was taken to avoid 
the contamination of this fluid with blood. The 
iron content was estimated with the phenanthro- 
line method (Table III). 

The three most diffusible preparations are those 
that showed the highest renal elimination, headed 
by “ferric hydroxide ferrous ascorbate.” The 
diffusibility of saccharated iron oxide, ferric 
glucosate, and “ferric chloride lactate” is negli- 
gible. Ferric tartrate and Ferronascine occupy an 
intermediate position, which is not matched, how- 
ever, by their relative rates of renal elimination. 


DISCUSSION 


The importance of using adequate amounts of 
the reagents, and particularly of HCl, in the esti- 
mation of saccharated iron oxide cannot be 
over-emphasized. Established methods for the 
estimation of serum iron use too little HCI to split 
this compound completely. The comparatively 
low figures (about a quarter of the expected 
values) obtained by Cameron, Bensley, and Wood 
(1951), who used the method of Barker and 
Walker (1940) for the estimation of serum iron, 
are evidently due to the small amounts of HCl 
added (1 ml. of 1.2% HCl to 2 ml. of plasma). 

The present work represents the first com- 
parative study of plasma iron and urinary iron 
excretion after the intravenous administration of 
different iron preparations at such high dose 
levels. It was carried out as part of an inves- 
tigation into the different mechanisms of toxicity 
of iron preparations. The investigation by 
McCance and Widdowson (1938) of urinary and 
faecal iron excretion after repeated daily intra- 
venous iron and ammonium citrate in man bears 
little relation to the present work in aim, method 
of administration, and dosage. It is of interest, 
however, that both in these and in the present 
experiments iron excretion was mainly renal, prac- 
tically no iron being eliminated through the bowel. 

The experiments described here demonstrate the 
wide differences in the rate of disappearance of 
iron from the plasma after the intravenous admin- 
istration of different iron preparations. The 
plasma iron level immediately after injection may 
correspond to the theoretical value based on the 
assumption that there is complete and even dis- 
tribution in plasma. This is so with saccharated 
iron oxide, ferric glucosate, and “ferric chloride 
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lactate.” The subsequent rate of fall is slow, and 
is presumably due, in the main, to the activity of 
the reticulo-endothelial system. With other iron 
preparations a rapid fall in plasma iron occurs. 
This may be due to rapid flocculation, as is known 
to occur with colloidal ferric hydroxide. A third 
group of preparations show a rapid fall in plasma 
iron associated with high urinary iron excretion, 
e.g. iron and ammonium citrate, “ ferric chloride 
caramelate,” and “ ferric hydroxide ferrous ascor- 
bate.” 

The three experiments on rabbits with ligated 
renal vessels gave consistent results and estab- 
lished that the rapid fall of plasma iron after iron 
and ammonium citrate as compared with saccha- 
rated iron oxide was not due merely to greater 
urinary elimination. The rapid disappearance of 
iron from the plasma after iron and ammonium 
citrate and the other preparations which showed 
a high urinary iron excretion can therefore only 
partly be accounted for by the quantity of iron in 
the urine. The estimation of iron in the faeces 
plus alimentary tract contents has shown that 
excretion via the alimentary tract must be neg- 
ligible if it occurs at all. The difference in 
diffusibility between the different iron prepar- 
ations, on the other hand, is indeed striking, those 
with high urinary iron excretion also having the 
greatest diffusibility. 

This interesting correlation between iron pre- 
parations in urinary iron excretion and diffusibility 
does not appear absolute, however, since ferric 
tartrate and ferronascine, which occupy an 
intermediate position regarding diffusibility, show 
rather poor renal elimination. The present 
diffusibility studies provide ample explanation for 
the very rapid fall in plasma iron levels which 
occurs with “ ferric hydroxide ferrous ascorbate,” 
“ferric chloride caramelate,” and iron and 


ammonium citrate—a fall which could not be fully 
accounted for by their high urinary elimination. 


SUMMARY 


Iron preparations fall into one of three groups. 
The first includes compounds like saccharated 
iron oxide, ferric glucosate, and “ ferric chloride 
lactate,” which exhibit a slow rate of disappear- 
ance from the blood associated with poor urinary 
excretion. Compounds of the second group, 
such as colloidal ferric hydroxide, show rapid 
fall of plasma levels associated with rapid pre- 
cipitation of the iron and poor urinary excretion. 
In the third group are such compounds as iron and 
ammonium citrate, “ferric chloride caramelate,” 
and “ferric hydroxide ferrous ascorbate,” which 
show a rapid fall in plasma iron associated with 
high urinary excretion. 

The highest percentage of urinary excretion 
was obtained with “ferric hydroxide ferrous 
ascorbate” (27.4%), the lowest with colloidal 
ferric hydroxide (0.27%). The three compounds 
showing the highest renal elimination also possess 
the highest diffusibility. This accounts for the 
rapid fall in their plasma levels even after renal 
ligation. 
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Serotonin, the substance isolated by Rapport, 
Green, and Page (1948) from shed blood, was 
identified with 5-hydroxytryptamine-creatinine sul- 
phate. A close parallelism between the pharma- 
cological properties of serotonin and those of 
thrombocytin and circulating enteramine was 
recently established by Reid and Rand (1952) and 
Erspamer and Asero (1952). Besides the possible 
intrinsic importance of serotonin as an endogenous 
principle that may be mobilized in physiological 
or pathological conditions, serotonin presents 
interesting problems from a pharmacodynamic 
point of view the solution of which might help to 
throw light on questions concerning the mode of 
action of drugs upon smooth muscle. 

When given intravenously, serotonin produces a 
fall followed by a rise of blood pressure. Atropine 
appears to abolish the fall and has no effect upon 
the rise, as shown recently by Page (1952). The 
action of serotonin upon the smooth muscle of the 
guinea-pig ileum is strongly influenced by atropine 
and appears to be parasympathomimetic or cholin- 
ergic in nature. Antihistaminic drugs have no 
action upon this smooth muscle stimulating effect. 
Tachyphylaxis to serotonin has been noted by Reid 
and Rand (1952) and by Freyberg ef al. (1952). 

The experiments presented here were undertaken 
to clarify the mode of action of serotonin upon the 
guinea-pig gut and especially as an attempt to 
localize its site of action among the different 
anatomical structures allegedly responsible for 
myokinetic drug effects. A preliminary account of 
this work has already been published (Rocha e 
Silva, Valle, and Picarelli, 1952). 


METHODS AND MATERIALS 


The conditions of the assay upon the guinea-pig 
ileum were the same as described previously (Ambache 
and Rocha e Silva, 1951). A chamber containing 3.5 ml. 
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of Tyrode solution was used in some preliminary 
experiments, being replaced by one of 15 ml. capacity 
in most of the experiments described below. Where 
not otherwise indicated, the chamber used was the 
larger one. The drugs were usually added at 1.5 minute 
intervals; when longer intervals were required these are 
indicated by a cross (x) in the tracings or in the legends 
to the figures. After two washings with fresh Tyrode 
solution, a one minute resting period was allowed for 
recovery of the muscle. The standard histamine used 
was a 1: 2 million solution, calculated as the base, of the 
dihydrochloride (Eastman Kodak). When not otherwise 
indicated, the doses of histamine and serotonin were 
respectively 0.2 of the 1: 2 million solution and 5 yg. of 
serotonin. The routine dose of nicotine was 10 yg. of the 
base. For the sake of brevity, the name of serotonin has 
been used throughout the paper, although it is well 
established that the active part of the complex substance 
is the molecule of the base 5-hydroxytryptamine. All 
doses indicated in the paper in terms of the creatinine 
sulphate complex must be divided by 2.3 in order to 
express them in terms of the base. Acetylcholine was 
used as a 1:1 million solution of the hydrochloride 
(Roche). Other drugs studied were adrenaline (Parke 
Davis), pilocarpine hydrochloride, hexamethonium 
iodide, and d-tubocurarine (Intocostrin, Squibb and 
Sons). The serotonin (creatinine complex with 5- 
hydroxytryptamine) was obtained through the courtesy 
of Dr. R. Coghill of Abbott Laboratories, North 
Chicago, U.S.A. 
RESULTS 

Tachyphylaxis to Serotonin—Small doses (4 to 
5 pg.) of serotonin added to the bath containing a 
piece of guinea-pig ileum cause responses that are 
reproducible without any sign of tachyphylaxis. 
The responses to doses as low as 10 ug. of serotonin, 
however, cannot be kept at a constant level if the 
interval between additions is 1 or 2 minutes. If 
the interval between additions of 10 yg. of serotonin 
is increased to 3 minutes, reproducible responses 
can be obtained, as shown in Fig. 1. By keeping 
this interval between additions, and by using doses 
smaller than 20 yg., a dose-response relationship 
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may be found and a 2 x 2 bioassay can b2 designed 
(Valle and Picarelli, 1952). 

The effect obtained with small doses of serotonin 
is similar to that observed after small, stimulating 
doses of nicotine, and is distinguished by minor 
details from that produced by histamine or acetyl- 
choline. After an almost instantaneous rise of 
tonus the muscle shows a certain tendency to return 
to a lower tonus, as soon as the maximum is 


primarily upon acetylcholine receptors. The experi- 
ments presented in Fig. 3, however, which show a 
tachyphylactic effect to serotonin but not to acetyl- 
choline, indicate that serotonin affects distinct 
receptor structures. 

Large doses of serotonin (50 to 200 ug. or more) 
produce a quick and powerful contraction followed 
by a sharp fall of tonus. Repeating the addition 
of the same large dose will produce no effect and 
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Fic. 1.—Guinea-pig ileum. Repeated additions of histamine 0.1 ug. (H), in panel A; of 10 ug. serotonin 
at 1 minute intervals in B; the same at 2 minute intervals in C, and-at 3 minute intervals in D. 





Fic. 2.—Guinea-pig ileum. Comparison between the additions of increasing doses of histamine (H) and sero- 
tonin (S). The doses of histamine are indicated as ml. of 10-6 solution. 


attained, as contrasted with the sustained tonus 
observed with histamine, as shown in Figs. 1 and 2. 

If the doses of serotonin are increased to 15, 
30, or 40 ug. the responses are no longer quantitative 
and a tendency to partial or total tachyphylaxis 
is seen, as shown in Fig. 2. With doses of 40 ug. 
of serotonin, added to a bath of 15 ml. capacity, 
we can no longer maintain a steady level of res- 
ponses, as indicated in Fig. 3, although histamine 
and acetylcholine still elicit reproducible responses. 
This difference of behaviour of the gut toward 
serotonin, as compared with histamine and acetyl- 
choline, indicates that serotonin has a different 
locus of action. It is clear that serotonin acts upon 
other than histamine receptors, since antihistaminic 
drugs have no effect upon it. But, since atropine 
blocks serotonin, it is possible that serotonin acts 


the muscle remains refractory to the addition of a 
small dose of serotonin for quite a long interval 
of time, as shown in Fig. 4a. Recovery to such 
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Fic. 3.—Guinea-pig ileum. Decrease in the responses to 30 ug. or 
40 yg. of serotonin does not affect the responses to 0.1 ug. of 
histamine (H) and 0.15 wg. of acetylcholine (Ac). 
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Fic. 4.—(a) Addition of 200 ug. of serotonin (S) to the bath produces a quick response followed by an 
immediate return to the normal level of tonus; the muscle will not react to the same dose or 
smaller doses of serotonin, although the reactions to nicotine and histamine remain unimpaired. 
(x) indicates stoppage of the drum for the times indicated. (6) Similar experiment with two addi- 
tions of 100 yg. of nicotine. Note that during refractoriness to smaller doses of nicotine the 
response to 10 ug. of serotonin is abolished and the response to histamine (H) is strongly 
depressed. Doses of histamine indicated as ml. of 0.5 <x 10-6 solution. 


(a) (d) 





Fic. 5.—{a) The responses of the guinea-pig gut to histamine or serotonin are strongly depressed by previous 
treatment with 5 ug. of adrenaline. Note that 0.1 ug. histamine (H) was less affected than 5 ug. of serotonin 
(S) by the previous treatment of the gut with adrenaline; nicotine (Nic) was even less affected. (6) After 
three additions of 100 ug. of nicotine the response to serotonin is abolished; after further treatment with 
100 4g. to 200 ug. of nicotine, the muscle begins to respond to serotonin, while completely refractory to 
nicotine itself; this “escape ” from the inhibitory effect of nicotine is better seen after three further 
additions of 300 ug. of nicotine; it is interesting to note that adrenaline (5 ug.) still depressed the response to 
serotonin. 
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doses of serotonin takes a longer or shorter time 
to be complete, depending upon the size of the 
paralysing dose applied at the beginning. Tachy- 
phylaxis toward serotonin is, therefore, temporary 
and can be distinguished from other types of 
tachyphylaxis, such as that observed after successive 
additions of certain bacterial toxins or animal 
venoms, in which the muscle remains indefinitely 
refractory after a first of two additions of any dose 
of the stimulating material. It can also be dis- 
tinguished from the tachyphylaxis to antigen in 
sensitized guinea-pig gut (in vitro anaphylaxis), 
where also, after a first contact with the antigen, 
the muscle remains indefinitely refractory to the 
addition of the same dose. 

Tachyphylaxis to paralysing doses of serotonin 
has some features similar to that obtained with 
large doses of nicotine (as shown in Fig. 45) in 
that it is very quick to develop (while the drug is 
still in the bath), is reversible, and is not so unspecific 
as that seen after large doses of other spasmogenic 
agents, such as histamine, acetylcholine, or pilo- 
carpine (Cantoni and Eastmann’s effect). It can, 
however, be distinguished from the similar nicotinic 
effect by not altering appreciably the responses to 
other drugs such as histamine or acetylcholine. 
This difference, though slight, appeared of import- 
ance in interpreting some results that will be 
presented hereafter. 
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Effect of Nicotine upon Serotonin Action.—Small 
to moderate doses of nicotine (20 to 40 ug.) can 
depress the gut to serotonin. A full depression 
of serotonin by nicotine is observed with moderate 
paralysing doses (50 to 200 ug.), as shown in Figs. 
4b, 5, and 6. When such doses are added to the 
chamber, a powerful contraction followed by a 
quick return to normal or subnormal tonus is seen. 
If the muscle is then tested with: (a) serotonin 
(4 to 10 ywg.); (6) histamine; (c) acetylcholine; 
(d) nicotine (10 to 15 ug.); (e) bradykinin; (f) pilo- 
carpine and (g) eserine, it is shown to be completely 
blocked toward a and d, moderately blocked to 
b, c, e, and f, and still reactive to g. 


The complete block toward stimulating doses 
of serotonin produced by moderate paralysing 
doses of nicotine might induce one to assume 
that serotonin also acts upon the ganglion cells. 
Nevertheless, its site of action must be somewhat 
different from that of nicotine, since a paralysing 
dose of serotonin does not affect the responses to 
stimulating doses of nicotine. 


The idea that serotonin acts upon the ganglion 
cells was, however, abandoned when we verified 
that the inhibitory effect produced by moderate 
paralysing doses of nicotine could not be obtained 
after applying large paralysing doses (300 to 
400 ug.), even when these were repeatedly applied 


(a) 
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Fic. 6.—(a) ‘‘ Escape”’ from inhibition by nicotine (Nic). 





(b) 
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After a strong inhibition of 5 ug. of serotonin (S) and 0.1 ug. of 


histamine (H) produced by 2 or 3 additions of 200 mug. of nicotine, the muscle recovers its full sensitivity to both 


agents after the further addition of increasing doses of nicotine. 


(b) Same piece of ileum. The responses to hist- 


amine or serotonin become progressively stronger as the dose of nicotine increases. The arrows indicate washings with 


fresh Tyrode solution. 
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to the intestine, as shown in Fig. 6a and b. 
This “escape” from inhibition by nicotine could 
be observed by repeatedly adding such moderate 
paralysing doses as 100 to 200 yg. of nicotine, as 
shown in Fig. 7. A speedier return of the full 
responsiveness to serotonin could be seen after 
the addition of a few large doses of nicotine (300 
to 400 ug.). It is interesting to note that large doses 
of nicotine may produce a similar “ escape” from 
the partial inhibition, by smaller doses of nicotine, 






Fic. 7.—(a) Hexamethonium (Cg) added during refractoriness to 5 ug. of 
serotonin (S) produced by nicotine (Nic) will not change the sensitivity of 
the muscle to serotonin. After repeating the additions of nicotine, the 
muscle ‘“‘escapes”’ from inhibition and responds fully to serotonin; 
hexamethonium added again before serotonin and kept in the bath 
does not affect the size of the response. (b) After repeated treatments 
with 100 to 200 wg. of nicotine the full sensitivity to serotonin is 


restored and hexamethonium potentiates serotonin action. 


of the effects of histamine, acetylcholine, or brady- 
kinin (Ambache and Rocha e Silva, 1951; Rocha 
e Silva, 1952). In Fig. 6a and 5, a partial inhibition 
of the histamine effect by repeated addition of 
200 pg. of nicotine was followed by a clear-cut 
“escape” after further treatment with 100 to 
800 ug. of nicotine. 

The foregoing results indicate that the depression 
caused by moderate paralysing doses of nicotine 
is not duz to the ganglionic paralysis itself, since 
this would be even greater with the larger doses 
of nicotine. They also clearly demonstrate that 


the depression produced by nicotine could not 
result from any unspecific depressant effect upon 
the muscle itself, as suggested by Emmelin and 
Feldberg (1947) and Feldberg (1950), since this 
kind of depression too would obviously be greater 
with the larger doses. It is true that massive doses 
of nicotine, such as 800 yug., can sometimes depress 
the effect of serotonin or histamine, as shown in 
Fig. 6b, but this effect is slight compared with the 
strong depression produced by moderate (50 to 
100 ug.) doses of nicotine. 

Instead of assuming a direct 
depression of the contractility of 
the muscle by such moderate 
doses of nicotine, we are more 
prone to accept the possibility 
that the inhibitory effect is due 
to the release of minute amounts 
of a mediator from adrenergic 
fibres. As with the parasym- 
pathetic ganglion apparatus, 
larger doses of nicotine (300- 
400 yg.) would exhaust the 
system. According to the experi- 
ments presented above, the adren- 
ergic mechanism would require somewhat 
larg2r doses of nicotine, since a few yg. 
(5 to 10 ug.) apparently act only upon the 
cholinergic ganglion system, producing a 
contraction without affecting the histamine 
or the serotonin added afterwards. As 
indicated above, a depression of serotonin 
and histamine is seen only after somewhat 
larger doses of nicotine (30 to 50 yg.). If 
one accepts the hypothesis of a discharge 
of the adrenergic system to explain such 
a depression, these doses are probably the 
threshold ones for nicotine to affect the 
inhibitory fibres of the intestinal wall. 
Abolition of the depression of serotonin 
or histamine (“ escape from nicotine ’’) can 
be obtained by adding doses of nicotine 
that are twice or three times larger than 
those necessary to paralyse the parasympathetic 
ganglion system. We may therefore assume that 
the concentrations of nicotine which affect the 
intramural adrenergic system are two to three times 
higher than those which act upon the parasym- 
pathetic ganglion cells. 


(6) 


Effect of Adrenaline upon Serotonin Action.—In 
order to substantiate the hypothesis of a discharge 
of the adrenergic system by moderately paralysing 
doses (50 to 100 yg.) of nicotine, to explain the 
depression of the responses to serotonin and other 
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drugs such as histamine, acetylcholine, and brady- 
kinin, we have tried to correlate the depression 
produced by nicotine with that observed by adding 
adrenaline. A perfect parallelism would not, of 
course, be expected, since we do not know whether 
adrenaline or noradrenaline, or a mixture of both, 
would be released by the stimulating effect of nico- 
tine. Thus a commercial adrenaline preparation 
** Adrenalin,” Parke Davis) was judged likely to 
give as good a result as the use of pure adrenaline 
or noradrenaline. 

Extremely small concentrations of adrenaline 
(0.07 y»g./ml.) in the bath depressed the effect of 
histamine and serotonin. The latter was found to 
be more influenced than the former by such small 
concentrations. With bradykinin and histamine 
we have found, in some preparations, that both are 
influenced in the same way by adrenaline and by 
nicotine. It is of interest to note that on adding 
increasing doses of nicotine, the muscle “* escaped ” 
from inhibition toward bradykinin as it usually 
does toward serotonin and histamine. 

The “ escape ”’ to nicotine appears to be a general 
phenomenon and can probably be explained by a 
diphasic effect upon the adrenergic system. In a 
few preparations the inhibition toward histamine 
or serotonin can be obtained when small doses of 
nicotine are added, but a definite depression is 
usually seen after doses around 50 to 100 ug. of 
nicotine. Even with such moderate doses of nico- 
tine, if repeatedly added to the bath, the “‘ escape ” 
to the inhibitory effect of nicotine may be noticeable ; 
but a quicker “escape” can only be seen if the 
doses of nicotine are increased beyond the 300 or 
400 yg. level. A direct “ toxic ”’ effect of the alka- 
loid upon the muscle fibres is only obtained with 
much higher doses, far above the mg. level. 


Effect of Decamethonium, Hexamethonium, and 
d-Tubocurarine on Serotonin Action.—The peristaltic 
reflex is abolished by hexamethonium (C6) as 
shown by Paton and Zaimis (1949), and this effect 
is due to a paralysing action of hexamethonium 
upon the parasympathetic ganglion cells of the 
mammalian intestine. Feldberg (1951) considered 
hexamethonium the most specific ganglion inhibitor, 
as far as the guinea-pig gut is concerned. 

Decamethonium (C10) displays very slight or 
no effect as a ganglion blocking agent when assayed 
upon the guinea-pig gut. According to Feldberg 
(1951), d-tubocurarine has strong atropine-like 
activity, since it depresses the response to acetyl- 
choline as well as that to nicotine. 

Hexamethonium has no inhibitory effect upon 
the contraction elicited by serotonin upon the 
guinea-pig ileum, as is shown in Fig. 8a and b. 
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In most instances the addition of 50 to 100 ug. of 
hexamethonium tended to enhance the effect 
produced by 10 yg. of serotonin. The results 
obtained with C6 indicate very clearly that serotonin 
does not act through stimulation of the parasym- 
pathetic ganglion cells. This agrees with the fact, 
presented above, that very large doses of nicotine, 
such as completely block the parasympathetic 
ganglion system, have no action upon serotonin. 
The enhancement of the serotonin effect by C6 
makes it interesting to recall that ganglion blocking 





Fic. 8.—Hexamethonium (C¢) in concentrations that almost abolished 
the nicotine responses had no effect upon 0.1 ug. histamine (H) 
or 5 ug. serotonin (S) or 0.3 ml. 10~6 acetylcholine (Ac), though 
it had sometimes a potentiating effect upon serotonin (middle 
panel of b). The white horizontal lines indicate that both drugs 
were kept in the bath. 


agents have been described as potentiating the 
effects of other spasmogenic drugs. Thus hexa- 
methonium and tetraethylammonium sometimes 
potentiate the effect of histamine (Feldberg, 1951, 
and Collins, 1948), while d-tubocurarine has a 
potentiating effect upon histamine (Rocha e Silva 
and Schild, 1949, and Feldberg, 1951). This 
potentiating effect was interpreted by Feldberg (1951) 
as due to an increase of excitability of the muscle 
fibres after blockade of the ganglion cells. The 
effect of C6 upon serotonin, as shown in Fig. 7b 
and Fig. 8b, can likewise be interpreted in the same 
way. 

Decamethonium (C10), when added in doses as 
high as 100 ywg., had no effect upon .the serotonin 
induced contraction (Fig. 9a). The inhibition by 
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Fic. 9.—(a) Lecamethonium (C49) in a dose of 100 ug. had no effect upon 10 yg. nicotine (Nic) and 5 ug. serotonin (S). 
High doses (0.6 mg /15 ml.) of d-tubocurarine totally blocked the stimulating effect of nicotine and histamine. 
(6) Smaller doses of d-tubocurarine totally (150 yug./15 ml.) or partially (75 ug./15 ml.) inhibited the response to 
nicotine and serotonin, the blocking effect being greater upon nicotine and much less so upon histamine. A small 
dose of atropine (0.4 ug.) entirely blocked nicotine and serotonin and had no effect upon histamine. 
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Fic. 10.—(a) and (6). Cocaine (Co), in concentrations (100 4g./15 ml.) that had no effect upon 0.1 yg. histamine 
(H) or tt of acetylcholine (Ac), completely abolished the responses to 10 ug. nicotine (Nic) or 5 yg. 
serotonin (S). 
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d-tubocurarine, shown in Fig. 9a and b, might be 
accounted for by its atropine-like activity, demon- 
strated by Feldberg (1951). 


Effect of Cocaine upon Serotonin Action.—Accord- 
ing to Feldberg and Lin (1949, 1950) it is possible, 
with a suitable dose of cocaine, to paralyse the 
nicotine stimulating action, without impairing the 
effect of histamine or acetylcholine. Doses of 
cocaine below 0.4 mg./ml. are usually able to block 
completely the stimulating effect produced by 
10 wg. of nicotine and have no effect upon other 
drugs supposed to act directly upon the muscle 
(Fig. 10a and 5). With serotonin we have found 
that such a minute dose of cocaine as 10 ug. in a 
15 ml. bath will inhibit the spasmogenic effect of 
10 yg. of serotonin, as shown in Fig. 11. An 
inhibition of the histamine or acetylcholine effects 
can only be obtained with doses 50 to 150 times 
stronger, and even then the blockade is not complete. 

The inhibitory effect of threshold doses of 
cocaine upon serotonin gave us the key to explain 
the locus of action of the latter drug upon the 
gut. Since cocaine, in concentrations that will not 
affect histamine or acetylcholine, is supposed to 
act by blocking the transmitting fibres of the 
myenteric plexus, only two possibilities are left 
to explain inhibition of the action of serotonin 
upon the gut: (a) the pre-ganglionic and (b) the 
post-ganglionic parasympathetic fibres. A stimulus 
upon a would need, of course, a free path through 
the ganglion cells; but, as we have shown in the 
above paragraphs, serotonin acts upon the gut 
even when the ganglion cells have been completely 
blocked either by large doses of nicotine or by 
hexamethonium. Apparently, therefore, the only 





Fic. 11.—100 ug. of cocaine (Coca) had no effect u 0.1 yg. hist- 
amine (H), but completely blocked the effect of 5 ug. serotonin 
(S). Inhibition of the serotonin action was observed with doses 
as small as 10 wg. of cocaine per 15 ml. A partial block of 
pilocarpine (P) was observed with 10 ug. of cocaine added to 
the bath (15 ml.). 
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indirect point of attack for serotonin would be the 
post-ganglionic fibres that can be blocked by 
cocaine (see diagram, Fig. 12). 


DISCUSSION 


In any attempt to localize the site of action of 
a drug upon such a complicated anatomical structure 
as the gut of vertebrates, we have to be aware of 
the fact that all evidence is indirect, since it is 
impossible to isolate any single motor unit as can 
be done with striated muscle (Fisher, 1944). There 
are, however, a few data that can provide solid 
ground on which to establish a theory to account for 
the experimental results presented above. There is 
no question, for example, that the efferent nerve 
fibres to the mammalian small intestine come from 
the two main sections of the autonomic nervous 
system—the parasympathetic and the sympathetic 
outflow. There is also enough histological evidence 
to show that most of the ganglion cells of the 
myenteric plexus of Auerbach and Meissner belong 
to the parasympathetic system, while the possibility 
that some of the adrenergic terminal fibres come 
from ganglion cells of the myenteric plexus is still 
open. Ambache and Edwards (1951) have recently 
provided fresh evidence of the presence of synapses 
along the sympathetic fibres to the cat intestine. 
But, whatever be the final answer to that question, 
one has to consider a system of inhibitory fibres 
in close connection with the smooth muscle effectors. 
A third class of nerve fibres is constituted by the 
so-called ‘‘ terminal reticulum,” a tangled system 
of argyrophil neurofibrils around the ganglion cells 
and in close association with the so-called Cajai cells. 
A discussion of the whole problem can be found 
in Fisher (1944), Feldberg and Lin (1949), 
Ambache (1946), and Ambache and Edwards (1951). 
The diagram (Fig. 12) gives a schematic view of 
the possibilities for the different loci of action of 
drugs upon the guinea-pig gut. The structures 
have been drawn separately for the sake of simplicity, 
but it seems probable that the “‘ degree of entangle- 
ment ”’ is higher than is represented in the diagram. 

In such conditions, we have to rely upon the 
indirect information obtained by applying inhibitors 
of several kinds—antihistaminics, atropine, ganglion 
blocking agents (decamethonium, hexamethonium, 
nicotine, and d-tubocurarine), local anaesthetics 
and so forth—to define the mode of action of any 
substance upon the gut. The evidence presented 
above strongly indicates that serotonin might be 
considered a specific stimulant of the post-gang- 
lionic cholinergic fibres. Our knowledge of the 
physiological significance of the so-called “ ter- 
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minal reticulum” is scanty, but 
‘if it be found that such fibres 
are cholinergic in character they 
might well constitute a site of 
action for an indirectly working 
drug such as serotonin. That 
serotonin has receptors of its 
own, distinct from those for 
histamine, acetylcholine, pilocar- 
pine, bradykinin, or nicotine, is 
suggested by the following facts: 
(a) antihistaminics will not abolish = gypijys 
the effect of serotonin; (6) when nicotine +,- 
the muscle is made refiactory to a 4&*AMETH- 
higher dose of nicotine, and its 
ganglion cells are tlius paralysed, 
serotonin will act upon the gut 
better than when the latter has 
been paralysed by a moderate dose 
of nicotine; (c) when the muscle 
is made refractory to serotonin by 
applying a large paralysing dose of 
this substance, it still responds to 
histamine, nicotine, acetylcholine, 
and pilocarpine; (¢) hexamethonium completely 
blocks the action of nicotine, yet rather potentiates 
the effect of serotonin; (e) cocaine, which in the 
concentrations used will not affect histamine or 
acetylcholine, entirely blocks the action of serotonin 
upon the gut. Since serotonin apparently does not 
work directly upon the muscle fibres of the intestine, 
or upon the ganglion cells, its stimulating effect can 
pioperly be ascribed to a discharge, followed by 
temporary exhaustion, of the post-ganglionic 
cholinergic fibres. 

A point of interest to be discussed is the mechan- 
ism of the “escape” to the paralysing dose of 
nicotine. Small, paralysing doses of nicotine (50 
to 100 yg.) strongly depress or abolish the effect 
of serotonin upon the gut. Other drugs, such as 
histamine, acetylcholine, and bradykinin, are also 
depressed by such doses of nicotine, although as 
with bradykinin this depression is seen irregularly, 
as indicated by Ambache and Rocha e Silva (1951). 
Feldberg (1950) assumed that nicotine in such 
doses would depress unspecifically the smooth 
muscle fibres to any gut stimulating drug. On 
the contrary, Ambache (1946) pointed out that this 
effect of nicotine in depressing histamine or acetyl- 
choline would indicate that such drugs act at least 
partially through the ganglion systems. That 
neither view is correct was first shown by Ambache 
and Rocha e Silva (1951) on the basis of the fact 
that the depression produced by nicotine is stronger 
with moderate doses (stimulating and paralysing 
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Fic. 12.—Schematic picture of the possible loci of drug action upon the guinea-pig ileum. 
ISG, intramural sympathetic ganglion (hypothetical); IPSG, intramural para- 
sympathetic ganglion cell; ©, sympathin release; @, acetylcholine release. 


doses), and that, if the addition of the same dose 
was many times repeated or higher doses (200 xg. 
to 1 mg.) were used, the inhibition was considerably 
reduced or abolished. To explain the depression 
produced by moderate (stimulating and paralysing) 
doses of nicotine, Ambache and Rocha e Silva 
(1951) assumed, in accordance with Emmelin and 
Feldberg (1947), that partial refractoriness of the 
muscle cells might be due to Cantoni and East- 
mann’s effect—that is, to exhaustion of energy-rich 
metabolites after the maximal contraction produced 
by such doses of nicotine. The absence of depres- 
sion after the higher (paralysing only) doses of 
nicotine might result from the contraction being 
of such short duration—or being absent altogether 
—that Cantoni and Eastmann’s effect could not 
come into play. This explanation might also hold 
for the total inhibition of serotonin by moderate 
(stimulating and paralysing) doses of nicotine; 
while its “escape ”’ from nicotine inhibition might 
be accounted for by the fact that if the muscle is 
kept for a long time under the paralysing action of 
nicotine no metabolites are consumed so that, again, 
Cantoni and Eastmann’s effect is absent. 
However, an alternative explanation has been 
presented in this paper, based on the possibility of 
nicotine discharging and paralysing the adrenergic 
inhibitory fibres. This requires only the assumption 
that the range of doses in which nicotine acts upon 
the parasympathetic ganglion system is lower than 
that in which it acts upon the inhibitory intramural 
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system. That nicotine can stimulate the inhibitory 
system was demonstrated by Ambache and Edwards 
(1951) in the atropinized intestine of the cat. That 
this effect might result from a release of adrenaline 
or noradrenaline is a strong possibility. In the 
depression produced by nicotine upon the effects 
of several drugs a similar mechanism might operate. 
If one assumes that moderate doses (50 to 100 ug.) 
of nicotine discharge the adrenergic fibres to the 
smooth muscle with liberation of minute amounts 
of a sympathomimetic mediator (adrenaline or 
noradrenaline, or both) the fall in tonus and also 
the unspecific inhibition toward serotonin, hista- 
mine, acetylcholine, pilocarpine, etc., might be 
due to the effect of the liberated mediator. If it 
be so that nicotine discharges these fibres, or the 
ganglion cells interposed in their pathways, one 
might expect that large doses (up to 200 to 400 ug.) 
of nicotine would also paralyse this system, in the 
same way that smaller doses will discharge and 
paralyse the cholinergic ganglion system. This 
view agrees with the observation by Feldberg and 
Lin (1949) that moderately paralysing doses of 
nicotine produce a fall of tonus of the rabbit 
intestine, from which inhibition the muscle recovers, 
even after having been submitted to the continuous 
action of nicotine. 


SUMMARY 


1. The mode of action of serotonin (complex of 
creatinine + 5-hydroxytryptamine) was studied upon 
the isolated guinea-pig ileum. The stimulating 
effect of serotonin on the gut was blocked by 
atropine and appeared, therefore, to be cholinergic 
in nature. Tachyphylaxis could be observed 
with small doses (10 »g./15 ml.) if they were added 
at intervals of less than 3 minutes. 


2. Total, though transitory, tachyphylaxis was 
observed after repeated additions of 40 yug./15 ml. 
of serotonin. With higher doses, a quick contrac- 
tion followed by spontaneous return to the normal 
tonus (while the drug still was in the bath) was 
observed. For a certain interval of time thereafter 
the muscle remained refractory to smaller doses 
of serotonin, but still reacted to other drugs, 
including nicotine. Sensitivity to small doses of 
serotonin progressively reappeared. 


3. Moderate paralysing doses (50 to 100 ug.) of 
nicotine depressed or abolished the responses to 
serotonin and also depressed the responses to 
histamine, acetylcholine, and bradykinin. If much 
higher doses (200 to 800 ug.) of nicotine were 
added, the muscle “ escaped” from inhibition by 
nicotine, responding again to serotonin and increas- 
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ing in sensitivity to the other drugs, although 
continuing to be irresponsive to nicotine itself. 


4. Decamethonium and hexamethonium had no 
inhibitory effect upon serotonin action. In some 
experiments, hexamethonium even potentiated sero- 
tonin action. d-Tubocurarine in concentrations 
that had no effect upon histamine depressed the 
effects produced by serotonin or nicotine. 


5. The action of serotonin was completely 
blocked by cocaine in doses (10 to 100 yg.) that did 
not affect histamine or acetylcholine. 


5. From these observations the provisional con- 
clusion is drawn that serotonin acts upon the 
post-ganglionic cholinergic fibres of the intramural 
nervous system of the guinea-pig ileum. 
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ADDENDUM 


As indicated in Fig. 9b, a dose of atropine of 0.4 yg. 
in a 15 ml. bath abolished the effect of 5 ug. of serotonin 
upon the guinea-pig ileum. Under the conditions of 
our laboratory (Sado Paulo), using a Tyrode solution of 
pH 7.4, this dose of atropine strongly depressed or 
abolished the action of small doses of serotonin. Since, 
in recent papers, Feldberg and Toh (1953) and Gaddum 








388 M. ROCHA E SILVA, J. R. VALLE, and ZULEIKA P. PICARELLI 


(1953) claim that atropine does not influence serotonin, 


- we have made further observations on the action of 


atropine upon serotonin. The conditions of the experi- 
ments were different and were those prevailing at the 
Department of Physiology of the Caroline Institute 
in Stockholm (3 ml. intestinal bath and a somewhat 
more alkaline Tyrode, pH 8.2). Doses of atropine as 
small as 0.1 yg./3 ml. strongly depressed (80 to 90% 
reduction in the size of the response) the effect of 1 to 
5 pg. of serotonin; a dose of 0.2 yg./3 ml. almost 
completely abolished the response to 1 yg. of serotonin. 
The different results described by the British authors 
might be due to the use of a more alkaline Tyrode 
solution, for Dr. Edlund from Uppsala has found that 
a more acid Tyrode solution (pH 6.8) increases consider- 
ably the sensitivity of the gut to the inhibitory action of 
atropine (personal communication). 

In some experiments, especially when the gut was 
very sensitive to histamine, the effect of the latter was 
also influenced by such concentrations of atropine; but 
the depression of the histamine effect was much less 
(25 to 30% reduction) than was the inhibitory effect 
upon serotonin (90% reduction). But, even in prepara- 
tions where the histamine effect was not influenced, 
serotonin was strongly depressed by 0.2 ug./3 mi. of 
atropine sulphate. Doses of atropine that reduced to 
10% or to 0 the action of serotonin had not the slightest 
effect upon bradykinin (5 to 10 wg. of a preparation 
containing 8 units per mg.). The effect of substance P 
is also not affected by such doses of atropine, as shown 
recently by Pernow (1953). We cannot therefore ascribe 
to a direct effect of atropine upon the smooth muscle 
fibres the depression or abolition of the serotonin 


response. The doses of atropine required to affect that 
response to serotonin are at least 10 times larger than 
the threshold doses to abolish the effect of 0.1 yg. of 
acetylcholine ; but if the comparison is made with nicotine 
as the spasmogenic agent the differences are much 
smaller. In one experiment upon the same ileum, 
0.1 yg./3 ml. of atropine reduced to 15% the effect of 
5 pg. of serotonin and to 7% the effect of nicotine. 
Half of that dose of atropine (0.05 yg./3 ml.) had 
practically no effect upon 5 yg. of serotonin or 5 yg. of 
nicotine, although it abolished completely the effect of 
0.1 wg. of acetylcholine. 

As regards the specificity of the atropine effect, we 
have analysed the recovery of the gut toward serotonin 
and acetylcholine, after a 1 minute contact of 0.1 and 
0.2 yg./3 ml. of atropine, testing the muscle every 
1.5 minute by alternating the additions of serotonin 
(5 pug.) and acetylcholine (0.1 yg.). The recovery to 
both drugs followed a parallel curve, essentially similar 
to that described by Rocha e Silva (1950) for specific 
antagonists such as antihistaminic, antispasmodic, and 
atropine-like substances. 


I am much indebted to Professor U. S. von Euler 
for kind advice and for giving me facilities to make 
these observations at the Caroline Institute, and to 
Dr. B. Pernow for help in performing the experiments. 
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INHIBITION OF SMOOTH MUSCLE CONTRACTILITY BY 
INDOLE AND SOME INDOLE COMPOUNDS 


BY 


J. A. IZQUIERDO anp A. O. M. STOPPANI 
From the Institute of Physiology, and Department of Biochemistry, School of Medicine, University of Buenos Aires 


(RECEIVED JANUARY 15, 1953) 


Among the indole compounds arising in bacterial 
decomposition of tryptophane, those having the 
strongest effect on muscle contractility seem to be 
indole, skatole, and §-indolylethylamine. Their 
pharmacology has been studied for some time, but 
only qualitative, often contradictory results have 
been reported. Thus, whereas indolylethylamine 
stimulates smooth muscle (Guggenheim and Loffler, 
1916), indole and skatole inhibit the contractility 
of skeletal, heart or smooth muscle (Danilewsky, 
1908a, b; Guggenheim and Loffler, 1916; Waddell, 
1927; Yanai, 1935; Garcia Blanco, del Castillo, 
and Rodeles, 1941; and Ets and Feinberg, 1942), 
although in a few instances they can also stimulate 
it (Danilewsky, 1908b; Biebl, 1929; and Ets and 
Feinberg, 1942). The action of indole, skatole, 
indolylacetate, and L-tryptophane on. striated 
muscle sensitivity to potassium ions and acetyl- 
choline has been more recently studied by Torda 
and Wolff (1945). According to their observations, 
indole increases the response of the frog rectus 
abdominis to acetylcholine, whereas indole, skatole, 
indolylacetate, and L-tryptophane increase the 
response to potassium ions. 

The main part of this study has been devoted 
to an analysis of the effect of the indole compounds 
on the response of guinea-pig ileum to acetylcholine, 
potassium ions, and histamine. Experiments have 
also been carried out with duodenum, colon, uterus, 
and striated muscle preparations. In the latter 
we have entirely confirmed Torda and Wolff’s 
findings. With smooth muscle organs we find that 
indole compounds produce the opposite effect: 
they strongly antagonize the action of acetylcholine 
and other muscle stimulants. A_ preliminary 
account of this work has been given elsewhere 
(Izquierdo and Stoppani, 1950). 


METHODS 


Muscle Preparations.—Guinea-pig ileum or colon, 
rat or mouse colon, rabbit duodenum or rat uterus 
were washed and set up in the bath, at 37° C., filled 


with 20 ml. Tyrode fluid (0.8 g. NaCl; 0.02 g. KCI; 
0.01 g. CaCl,; 0.1 g. NaHCO;; 0.01 g. MgCl,; 0.005 g. 
NaH2PQ,; 0.1 g. glucose and water up to 100 ml.) 
through which was bubbled a mixture of O, with 5% 
CO,. The contractions were recorded on a kymograph 
with an isotonic lever 14 cm. long (magnification: >< 4). 
Responses in the presence of indole compounds were 
intercalated between responses to the stimulant alone. 
After each contraction the bath fluid was renewed three 
times and the organ left at rest for 10 minutes until the 
next contraction was elicited. Unless stated otherwise, 
the indole compounds were added immediately after 
the last washing, remaining therefore 10 minutes in 
contact with the organ before the subsequent addition 
of stimulant. The experiments with striated muscle 
were Carried out at room temperature (20°-28° C.) 
following Chang and Gaddum’s (1933) technique. 
The rectus anterior abdominis of Leptodactylus ocellatus 
(L.) Gir. freshly removed from the animal, or kept for 
12 hours in Ringer solution with eserine 10~ , was set 
up in a bath, as above. For these experiments Ringer 
solution was used (0.6 g. NaCl, 0.01 g. KCI, 0.01 g. 
CaCl,, 0.01 g. NaHCO; and water up to 100 ml.). 


Reagents.—Indole, skatole, indolylacetic, and 6- 
indolylpropionic acids, ($-indolylethylamine, L-trypto- 
phane, and histamine hydrochloride were obtained from 
E. Kodak Co.; potassium indoxylsulphate (indican) 
from T. Schurchardt; and acetylcholine from Hoffman- 
La Roche Co. The indole compounds were added to 
the bath fluid dissolved in 0.2-2.0 ml. and neutralized 
when necessary. 


Expression of Results.—The concentrations of the 
indole compounds are usually represented by their 
molarity. The inhibitions reported are the average of 
not less than three measurements. The standard error 
of the mean has been calculated when necessary. 


Manometric Experiments.—The ileum oxygen con- 
sumption was measured with Warburg’s direct method 
(see Umbreit, Burris, and Stauffer, 1949) and cholin- 
esterase activity with Ammon’s (1933) technique. Rat 
brain homogenate and blood cells stroma were used for 
true cholinesterase, and diluted horse serum for pseudo 
cholinesterase (cf. Todrik, Fellowes, and Rutland, 1951; 
and Augustinsson, 1950). 
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2 min. 





I: 12 min. 


2 min. 

















1+E: 12 min. 
Fic. la —Responses of the guinea-pig ileum to 5.0 ug. acetylcholine; 


I, in the presence of 0.4 mg. indole, and E, in the presence of 


0.08 mg. skatole. 20 ml. bath. 











Fic. 1b.—Responses of the guinea-pig ileum to 0.1 (I) or 0.4 (E) 
pg. acetylcholine. I, in the presence of 2.1 mg. indole, and E, 
in the presence of 0.5 mg. skatole. 20 ml. bath. 


RESULTS 
Experiments on Guinea-pig Ileum 


Stimulant: Acetylcholine.—Skatole and indole 
strongly affect the intestinal responses to acetyl- 
choline. Both compounds diminish the height of 
contractions which, however, are better sustained 
(Fig. laandb). The base line remains unmodified. 
In the presence of indole, skatole, and acetyl- 
choline, automatic movements of the ileum are 
frequently observed, which do not occur in the 
presence of acetylcholine alone. The effects of 
indole and skatole are additive as shown in Table I. 

The inhibitions produced by 9x 10-‘m indole 
(with 6.0 yg. acetylcholine as stimulant) after 
10 sec., 30 sec., 5, or 10 min. incubation with the 
organ are respectively 51.5, 70.0, 82.0, and 87.0%. 
Skatole, 6 x10-*m, incubated with the organ for 
10 sec., 5, or 10 min., produced inhibitions of 72.0, 
94.0, and 93.0% respectively. Therefore, to obtain 
maximal effects, in all the experiments the organ 
has been left for 10 min. with the indole compound 
before adding the stimulant. Indole and skatole 
inhibitions are reversible, as, after the inhibitor has 
been removed by washing, the intestine again 
responds normally to acetylcholine (Fig. 1). How- 
ever, in some instances recovery takes place at a 
slower rate and before the normal height is attained 
smaller contractions may be observed. This also 
happens with potassium ions as stimulant (Fig. 3). 

The effect of several concentrations of indole 
and skatole on the responses to acetylcholine is 
shown in Fig. 2. In these experiments, in a prelim- 
inary trial a dose of stimulant drug producing a 
submaximal effect was given repeatedly until the 
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FiG. 2.—Effect of skatole (curve A) and indole (curve B) on the 
responses of guinea-pig ileum to acetylcholine (@,O), potassium 
ions (™§,[_]) and histamine (4,4). Acetylcholine: 5.0-0.2 ug. 
KCI: 3.0 mg. Histamine: 11.2-1.5 ug. 20 ml. bath. 
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preparation became stabilized. The doses required 
to produce these effects ranged from 10-*-*5 to 10-8 
for acetylcholine and from 10-*%5 to 107-7? for 
histamine. For potassium a single dose was used. 
The effect of inhibitors was then assayed as des- 
cribed under “ Methods.” The concentration-effect 
curves obtained are sigmoidal and indicate that 
relatively small changes in the concentration can 
strongly modify the extent of the inhibition. The 
similar shape of the curves for indole and skatole 
suggests that the mechanism of the inhibition may 
be the same for both, although the dissociation of 
the inhibitor-effector complexes are different. The 
activity of the inhibitor drug has been expressed 
in terms of pI,,, which is the —log,, of the inhibitor 
molarity reducing by 50% the response to the 
stimulant. The pl,, is 3.4 for indole and 4.0 for 
skatole, which are equivalent to dilutions of 4.7 
and 1.3 x 10-° respectively. The percentage reduc- 
tion of the contractions does not seem to be 
dependent on the concentration or the nature of 
the stimulant used (Fig. 2). 


TABLE I 


ADDITION OF THE ACTIONS OF INDOLE AND SKATOLE 
ON THE GUINEA-PIG ILEUM 
Inhibition calculated from experiments as illustrated in Fig. 1. 
Average response of the ileum to acetylcholine, 2.4 cm. Measure- 
ments in triplicate. 





| 
Percentage 








Stimulant Inhibitor | Diminution of 
Shortening 
Acetylcholine 
5.0 ug... a .. | 1-8 10-‘m-indole | 12°8+3-6 
5-0 ug... oe .. | 2:7 10-m-skatole 13-8+3-6 
3@ pe. .. =m .. | Indole and skatole 31-4+2°4 
KCl 
3-0 mg. em .. | 1-5 10-‘m-indole | 10-4+2-2 
3-0 mg. whi .. | 4:2 1075m-skatole | 15-:0+0°-4 
3-0 mg =a | Indole and skatole | 30-0 +1°7 





With reference to the prolongation of contraction 
of the ileum by indole and skatole, it seemed 
possible that this might be connected with inhibition 
of cholinesterase, since Waelsch and Rackow (1942) 
have reported inhibition of serum cholinesterase 
by indole 10-*m. However, when tested on true 
or pseudo cholinesterase preparations, indole 
(2 x 10-*m) and skatole (6 x 10-m) scarcely affected 
(8 to 12% inhibition) the activity of the enzymes 
and no explanation for indole or skatole contrac- 
tures can be provided thereby. 

Indican (2 x10-*m), indolylacetate (4.3 x 10-‘m), 
indolylpropionate (4.2 x 10-‘m), and L-tryptophane 
(2.4x10-*m) do not depress the acetylcholine 
responses. 

Indican and indolylethylamine directly stimulate 
the ileum (Table I]), which confirms earlier observa- 


TABLE II 


ACTION OF INDICAN AND INDOLYLETHYLAMINE ON 
ACETYLCHOLINE CONTRACTIONS OF THE GUINEA-PIG 
ILEUM 











po —_ of 

cetyl- ontraction 

choline Indole Compound Measured ae 
(ug.) from Tracing} *4"@ton 

(cm.) 
0-3 None es - 2°8+0:1 — 
0:3 2 10-‘m-indican .. 2:°9+0-2 +0:3+0°1 
2-0 | None ag ae sie 3-8+0°1 = 
20 4 x 10-‘m-indolylethylamine 4-5+0°1 +18-4+0-2 
! 











Responses (cm.) to 2.0 10~*m-indican: 1.0+0.1; to 4.0 10-‘m-indo- 
lylethylamine: 1.1+0.2. The duration of these contractions was 
short and acetylcholine was added when the organ had returned to 
the previous relaxed state. All observations were made in triplicate. 


tions by Guggenheim and Loffler (1916) with 
indolylethylamine, and furthermore indolylethyl- 
amine slightly potentiates acetylcholine. 


Stimulant : Potassium Ions.—Skatole and indole 
diminish the contractions due to potassium ions 
and acetylcholine to the same extent, but they cause 
no prolongation of the contraction such as happens 
with acetylcholine (Fig. 3). The effect of the two 











FiG. 3.—Responses of the guinea-pig ileum to 3.0 mg. KCl; I, in 
the presence of 1.5 mg. indole, and E, in the presence of 0.8 mg. 
skatole. 20 ml. bath. 


compounds on the potassium contractions are 
additive as shown in Table I. Indican (9 x 10-‘m), 
indolylacetate (7 x 10-‘m), indolylethylamine (2.2 x 
10-*m), and L-tryptophane (2.4x10-‘m) do not 
affect significantly the potassium contraction. 


Stimulant : Histamine.—The ileum responses to 
histamine (11.2-1.6 ug.) are depressed by indole 
and skatole in the same way as the potassium 
contraction. The concentration-effect curve of 
each compound for histamine is the same as 
that for potassium and acetylcholine (Fig. 2). 





392 J. A. IZQUIERDO and A. O. M. STOPPANI 


Effect of Indole and Skatole on the Oxygen Con- 
sumption of the Intestine 


Intestinal contractility depends on the oxygen 
supply to the organ (Furchgott and Shorr, 1950), 
and as indole inhibits cell respiration (Quastel and 
Wheatley, 1933) it seemed of interest to find out 
whether there was some relationship between 
inhibition of contraction and depression of respira- 
tion of the intestine. Small pieces of guinea-pig 
ileum (26.0-41.0 mg., dry weight) were therefore 
suspended in Krebs-Ringer-phosphate solution 
and their oxygen uptake measured in Warburg 
manometers. The oxygen uptake (Qo,:-— 4.1) did 
not change significantly after 15 min. incubation 
with concentrations of indole (1.7x10-*m) or 
skatole (2x10-‘m) which strongly diminish the 
contractility. 


Experiments on Other Tissues 


Large Intestine —Guinea-pig, mouse, or rat colon 
was used. The colon wall is thicker than the ileum, 
especially in the rat and the guinea-pig, which 
might affect the diffusion of stimulants or inhibitors 
to the muscle fibre. Nevertheless, indole and 
skatole depress the contractility, their action being 
more marked on the descending colon. Further- 
more, they also diminish the gut tonus (Fig. 4), 





Fic. 4.—Responses of the guinea-pig colon to 3.5 Hg. acetylcholine; 
I, in the presence of 1.8 mg. indole, and E, in the presence of 
2.5 5 mg. skatole. 20 ml. bath. 


and when acting together there is summation of 
effects (Table III). Skatole is somewhat less 
effective on the colon than on the ileum, whereas 
indole depresses the responses of both organs to 
the same extent. 


Rabbit Duodenum.—Indole and skatole diminish 
the height of the rabbit duodenum contractions, 
but do not affect their frequency (Fig. 5). 


Rat Uterus.—Indole and skatole diminish both 
the height and frequency of contractions of the rat 


TABLE III 


ACTION OF INDOLE AND SKATOLE ON ACETYLCHOLINE 
CONTRACTIONS OF THE COLON 


Average response to the stimulant (measured from the tracing) of the 
rat colon, 5.0cm ; the mouse colon (ascending), 3.6 cm ; and mouse 
colon (descending), 5.0 cm Observations were made in triplicate 























Bementen! | Per- 
of Tonus cetyl- | centage 
Organ | Inhibitor | Measured aeiee | Diminu- 
| from the (ag.) | tion 
| Tracing | ‘“8? | of Short- 
| (cm.) | | ening* 
Rat colon | | 
(ascending) | 8 x 10~‘m-indole 0-5+0-:1| 0-7 69-3+0-3 
aa - 4x 10-‘m-indole 0-0 0-7 | 36-7+1-7 
*» | 2x 10-*m-skatole 0-2+0-0 0:7 21:243-0 
Mouse colon 
(ascending) | 8 x 10-‘*m-indole 0-0 15-0 30°6+3-8 
» | 2%10-‘M-skatole 0-0 15-0 | 17-740°8 
%» Indole and skatole 0-0 | 15-0 69-S5+1°5 
Mouse colon 
(descending) | 8 x 10~‘m-indole (a) 07400; 30 79-0+3-6 
‘ » | 4X10~‘*m-indole (5) 0-0 3-0 33-5+1°5 
” »» 2 x 10-‘m-skatole 0-0 |} 30 | 38-2+2-2 
” » | Indole(b)andskatole} 1:1400) 3-0 | 61:0+3-2 








* Change of tonus accounted for. 


uterus (Fig. 6), and its responses to the pituitary 
oxytocic horrnone. Indole (6 x 10-‘m) and skatole 
(4x10-‘m) depress by 54 and 34%, respectively, 
the contractions elicited by 0.1 i.u. oxytocic ee 
(a “ Pitocin” preparation). 


Striated Muscle.-—-When tested on the Lepto- 
dactylus ocellatus (L.) Gir. anterior rectus abdominis, 
indole potentiates acetylcholine, while indole, 
skatole, indican, and indolylpropionate potentiate 
the effect of potassium ions (Table IV). Indolyl- 
acetate (5.9 x 10-‘m), indolylethylamine (2.2 x 10-‘m), 
and L-tryptophane (2.4 x 10-*m) do not affect the 
responses to acetylcholine or potassium. 














Fic. 5.—Effect of indole on contractions of the rabbit duodenum. 


I, addition of 1.1 mg. indole. E, addition of 2.5 mg. skatole. 


Time marks, 30 sec. 20 ml. bath. 
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Fic. 6.—Effect of indole and skatole on rat uterus contractions. 
I,, addition of 1.3 mg. indole; I,, 2.6 mg. indole; E,, 0.5 mg. 
skatole; E;, 1.0 mg. skatole. Time marks, 30 sec. 20 ml. bath. 


TABLE IV 


ACTION OF INDOLE AND SOME INDOLE COMPOUNDS 
ON THE CONTRACTIONS OF THE FROG RECTUS 











ABDOMINIS 
. as 
| Contractions 
Stimu'ant Indole Compound | Measured gS ee ne ag 
from Tracing —e 
(cm.) 
Acetylcholine: | 
2-0 ug. .. | None 2:°8+0-0 — 
26 .. .. | 1:1 10-‘m-indo!le 3*8+0-2 | +35-6+0°1 
20-0 ,, | None 2:3400 | — 
20-0 ,, | 4x 10-'m-skatole | 2:3+0-0 0-0+0-0 
KCI: | 
‘0 mg .. | None |} 2-6+0-1 — 
70 us 8-5x10-‘M-indole | 2:-9+0-1 +10-3+0-06 
ae -< None 3-440-1 | — 
30 ,, 6 x 10-5m-skatole 4-4+0°1 | +29-4+0-05 
SO .. | None 1-5+0-1 | — 
30 , . | 9x 10-‘M-indican 20+0-1 | +33-:140°11 
30 ,, | None 1:7+0-1 | a 
30 ,, . | 7 10~-‘m-indolyl- 2:0+0-1 | +17-6+0-10 
| propionate 








Observations were made in triplicate. 


DISCUSSION 


It seems to be the rule that the contractility of 
smooth muscle organs (as observed with duodenum, 
ileum, colon, and uterus) is depressed by indole 
and skatole. It has been shown by Feldberg 
(1951) that histamine acts on the muscle fibre 
whereas potassium and acetylcholine act both on 
the muscle fibre and the myenteric plexuses. Since 
the action of these three drugs is equally depressed 
by indole and skatole, it seems likely that the 
latter act on the final common path of the three 
drugs, namely the smooth muscle fibre itself. This 
is confirmed by the finding that indole and skatole 
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also inhibit the action of the pituitary oxytocic 
hormone on the uterus (see Stehle, 1950). 

The guinea-pig ileum preparation is normally 
quiescent in vitro, probably owing to the fact that 
little acetylcholine is released under these conditions. 
When the intestine is in situ a continuous release 
of acetylcholine occurs, as shown by Feldberg and 
Rosenfeld (1933), and on this basis it is reasonable 
to compare the reactions of the tissues in situ to 
those of the isolated organs in the presence of 
acetylcholine. Our experiments may thus furnish 
some explanation of the contradictory results by 
other workers with indole and skatole in the whole 
animal. Thus, Ets and Feinberg (1942) obtained 
paralysis of the dog jejuno-ileum by injecting 
intravenously 25 or 60 mg. indole per kg., which 
if diluted evenly in the body water (cf. Fulton, 1946) 
would give a concentration of 3 to 8x10-‘M. 
These concentrations have been shown in our 
experiments to depress the smooth muscle response 
to acetylcholine, potassium ions, and histamine. 
On the other hand, the more sustained contraction 
of the ileum by acetylcholine, in the presence of 
indole and skatole, may explain the apparent 
stimulation of intestinal motility observed with 
these substances by Biebl (1929) and Ets and 
Feinberg (1942). In vitro, the inhibitions of 
spontaneous intestine motility observed by Danilew- 
sky (1908a and b), Guggenheim and Loffler (1916), 
Waddell (1927), and Garcia Blanco et al. (1941) 
were obtained with 8x10-* to 8.6 x 10-’m-indole 
or 3.8 x 10-‘m-skatole (concentrations recalculated 
from the experimental data reported in the papers 
quofed), in good agreement with our own results. 


With striated muscle preparations, our results, 
like Torda and Wolff’s, contrast with those of 
Danilewsky (1908a and b), Waddell (1927), and 
Yanai (1935), who obtained depression of the 
contractility of the frog heart or gastrocnemius 
by skatole or indole, although it must be pointed 
out that below a concentration of 0.01% indole 
may stimulate the frog heart (Danilewsky, 1908b). 
The different behaviour of the amphibian rectus 
abdominis fits in with other structural and functional 
peculiarities of the muscle, described already by 
Kuffler (1949). 


Among the several compounds studied, the least 
soluble in water are the most effective on muscle. 
It is evident that the presence of polar groups in 
the molecule increases the solubility and diminishes 
the pharmacologic action; in some instances, 
as with indican, the effect is even reversed. The 
detoxication of indole in the body by changing it 
into indican nullifies its ability to inhibit smooth 
muscle contraction. On the other hand, the 
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presence of an amino group in the side chain 
confers on the molecule the property of stimulating 
the intestine, and in this connection it is of interest 
that 5-hydroxytryptamine (enteramine) has been 
claimed to be the hormone of tHe intestinal entero- 
chromaffine tissue (Erspamer and Asero, 1952). 


Indole and skatole seem to be normal constituents 
of the intestinal fluids, and, as reported by Herter 
(1907), there may be up to 60 mg. indole and 10 mg. 
skatole in 100 g. faeces. The concentrations 
calculated from these figures tally with those 
found in our experiments to affect intestinal 
motility. It may therefore be considered probable 
that these substances can play a role in intestinal 
pathology, especially when the accessibility to the 
muscle layer of the gut is increased by lesions of 
the mucosae (Nicolai, 1941a and b, and 1942). 


SUMMARY 


1. The effects of indole, skatole, indoxylsul phate, 
8-indolylethylamine, indolylacetate, §-indolylpro- 
pionate, and L-tryptophane on the responses of 
striated and unstriated muscles to their chemical 
physiological stimulants have been studied. 


2. Indole and skatole diluted about 1 in 10° 
diminish the shortening of guinea-pig ileum by 
acetylcholine, potassium ions, and histamine, and 
also prolong the contraction of the ileum due to 
acetylcholine. The effect of these inhibitors are 
additive and cannot be attributed to block of the 
oxygen consumption of the intestine or to inhibition 
of cholinesterase activity. 


3. Indolylethylamine slightly potentiates the effect 
of acetylcholine, leaving unaffected the response to 
potassium ions. Indoxylsulphate, indolylacetate, 
indolylpropionate, and tL-tryptophane do not 
modify the response of the ileum to acetylcholine 
and potassium ions. 


4. Indolylethylamine and indoxylsulphate cause 
a contraction of the guinea-pig ileum. 


5. Indole and skatole diminish the tonus of the 
colon of the guinea-pig, rat, and mouse, and 
also diminish the responses to acetylcholine and 
potassium ions; their effect is stronger on the 
terminal part of the colon. 


6. Indole and skatole diminish the automatic 
contractions of the duodenum of the rabbit and of 
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the uterus of the rat, and also the responses of the 
latter to the pituitary oxytocic hormone. 


7. Indole potentiates acetylcholine effects, and in- 
dole, skatole, indoxylsulphate, and indolylpropionate 
potentiate potassium effects, on the frog anterior 
rectus abdominis. 


8. It is considered that the depressant effects of 
indole compounds are due to a direct action on the 
smooth muscle fibres. 
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THE AFFERENT PATHWAY OF THE BEZOLD REFLEX: 
THE LEFT VAGAL BRANCHES IN DOGS 
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In experiments on cats Jarisch and Richter 
(1939) and Jones (1953) had difficulty in locating 
the afferent pathway for the Bezold reflex. Even 
on the right side, which was the simpler, the distri- 
bution was not easy to follow. Several difficulties 
were encountered in these experiments, among 
which was the doubt that existed in any given 
cat as to whether a particular dose of the veratrum 
alkaloids was causing a fall of blood pressure and 
heart rate by the Bezold reflex or by a central 
action. In the dog it is comparatively easy to 
cannulate the main branches of the left coronary 
artery, and hence to localize the site of action 
more certainly. 

This paper describes experiments which have 
identified the afferent pathway on the left side in 
dogs, and also describes the nature of some 
afferent fibres from these nerves, but probably not 
those responsible for the Bezold reflex. 


METHODS 


Forty-six dogs were used in these experiments. 
They were anaesthetized with sodium pentobarbitone 
32 mg./kg. administered intravenously. Artificial 
ventilation was applied through a tracheal cannula ; 
the chest was opened down the midline and the in- 
cision extended between the third and fourth ribs on 
the left side to allow adequate access to the heart. 
The blood pressure was recorded from a femoral 
artery either by a mercury manometer or by a con- 
denser manometer having a frequency response of 
200 cycles/second or better. 

The peripheral end of the left circumflex coronary 
artery was cannulated at its origin (see insert to Fig. 
2) and corinected by a short length of flexible rubber 
tubing to the central end of the right internal mam- 
mary artery, so as to facilitate repeated injections of 
not more than 0.1 ml. veratridine hydrochloride 
dissolved in physiological saline. The dog was 
heparinized. 

Small nerve-slips were dissected off branches of the 
vagus after they had left the main trunk, and action 
potentials were recorded from these, using a resistance- 


capacity amplifier, and were displayed on a cathode- 
ray oscilloscope. The amplifier had a maximum 
discrimination factor of 1:50,000, an equivalent noise 
resistance of 6,000 ohms, a high pass filter (cut off 
75 c/s), and a low pass filter (cut off 5,000 c/s). One of 
the principal difficulties in recording action potentials 
from small fibres so near the heart is the relative 
size of the electrocardiogram, which is also picked 
up. In most experiments this source of interference 
was reduced to a reasonable level by using this type 
of amplifier, which has an exceptionally high dis- 
crimination for out-of-phase signals, and by earthing 
the tissues around the insulated dissecting platform. 
In some later experiments a polished stainless steel 
dissecting platform was earthed, and a single electrode 
used for recording the action potentials. The electro- 
cardiogram was recorded from leads 1 or 2. 


RESULTS 
The Afferent Nerve Path of the Bezold Reflex 


Preliminary observations showed that there were 
three problems to be overcome if experimental 
results were to be of value. 

1. It is known(Krayer, Wood, and Montes, 1943) 
that veratridine injected into dogs causes a fall 
of blood pressure and heart rate, both by an action 
on receptors in the coronary vessels (the Bezold 
reflex) and by a central action. Consequently, 
the intravenous injection of veratridine in some 
dogs leads to a fall of blood pressure which is 
not entirely abolished by cutting the vagi. There- 
fore, after a few preliminary experiments in which 
the central effect of veratridine was encountered, 
we restricted our observations to dogs in which 
veratridine was administered only into the left 
circumflex coronary artery. The dose required 
to cause a fall of blood pressure on intracoronary 
arterial injections is about | yg., one-tenth to one- 
twentieth that required on intravenous injection. 

2. The fall of blood pressure on injection of 
veratridine is due not only to peripheral vasodila- 
tation (Krayer, Moe, and Mendez, 1944; Moe, 
Bassett, and Kraver, 1944 ; Dawes, Mott, and Wid- 
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dicombe, 1951), but also tocardiac slowing. Hence, 
if section of a vagal branch leads to a reduction 
in the fall of blood pressure observed after ad- 
ministration of veratridine, it might be objected 
that this would result from interference with 
efferent nerves to the heart. However, we have 
repeatedly observed that, in dogs in which the right 
vagus is cut, injection of veratridine into the left 
circumflex coronary artery causes a fall of blood 
pressure without any significant change in heart 
rate (Fig. 3). In one experiment, for instance, the 
heart rate and P-R interval (measured from the 
electrocardiogram) changed by less than 5%, 
which was within the limits of accuracy of the 
measurements. 

Although, therefore, we share the widespread 
impression that the afferent fibres of the Bezold 
reflex in the dog travel up both vagus nerves, we 
have confined our observations to the left vagus. 
The right vagus was cut early in the course of 
every experiment. 

3. The injection of repeated doses of the 
veratrum alkaloids leads rapidly to decreasing 
responses. Veratridine has been used for these 
experiments because it is less liable to cause tachy- 
phylaxis than other veratrum alkaloids. The doses 
administered have been as small as possible (about 
1 pg.) consistent with obtaining an adequate fall 
of blood pressure (30-50 mm. Hg). Experience 
showed that a time interval of ten minutes between 
doses was a reasonable compromise between the 
dangers of tachyphylaxis and deterioration of the 
preparation. Even so, tachyphylaxis was observed 
occasionally ; such experiments have been ex- 
cluded from further consideration. 

In the first eight successful experiments the main 
thoracic branches of the left vagus were cut in 
succession (the right had of course been cut at 
the beginning of the experiment). The procedure 
adopted was not exactly the same in all experi- 
ments, deliberately, since the risk of encountering 
tachyphylaxis progressively increased with time. A 
good experiment is illustrated in Fig. 1, in which 
it is seen that section of the main left vagal trunk 


Fic. 1.—Dog, 11 kg.; pentobarbitone anaesthesia. 
R. vagus cut. Record of femoral arterial 
pressure with a mercury manometer. Injection 
of 1 yg. veratridine (at V) into the left 
circumflex coronary artery at 10 min. inter- 
vals caused a fall of blood pressure, which 
was not affected by section of the main left 
vagal trunk below the aortic arch (at 1), of 
the left anterior cardiac branches (at 2) or left 
depressor branches (3 and 4). 


below the arch of the aorta (after it had given 
off its cardiac branches but before reaching the 
root of the lungs) and section of the left depressor 
branches from the aorta (running medially to- 
wards the origin of the brachiocephalic artery, 
Fig. 2) did not reduce the size of the Bezold 
reflex. In five dogs there was conclusive evidence 
that the main afferent pathway of the Bezold reflex 
did not run in the main left vagal trunk below the 
arch of the aorta, in four dogs the aortic depressor 
nerves were excluded, and in six dogs the anterior 
cardiac nerves, which run across the pulmonary 
artery to the left atrium and ventricle, were also 





Fic. 2.—Anterior view of the heart to show the distribution of the 
principal branches of the left vagus. The insert shows the 
disposition of the left posterior cardiac nerves in relation to the 
left pulmonary artery and left atrium (L.A.); the left circumflex 
coronaty artery has been cannulated. 








THE BEZOLD REFLEX 


excluded. In two dogs the observations sug- 
gested that the afferent pathway lay among vagal 
branches which dived down between the aortic 
arch and the left pulmonary artery (Fig. 2). 

In the next series of five successful experiments 
attention was concentrated on these posterior car- 
diac branches of the vagus. Section of this group 
of nerves, sometimes including the left recurrent 
laryngeal, at the point where they cross the aortic 
arch, abolished the Bezold reflex. But it was 
thought that the afferent nerve fibres only joined 
the left recurrent laryngeal at the level of the 
aortic arch, since in two of the five dogs the sec- 
tion did not include the latter. 

In order to establish as far as possible the origin 
of the afferent nerve fibres, a more extensive dis- 
section was undertaken. The left pulmonary 
artery was tied and divided, together with all vagal 
branches running anteriorly to it, and the main 
vagal trunk below the aortic arch (see insert to 
Fig. 2). This exposed the inferior aspect of the 
aortic arch, with the left recurrent laryngeal, 
cardiac, and other branches of the vagus running 
round it. 'A few (usually two) very small nerves 
were seen running to the aortic arch from the 
base of the left atrium. In all five dogs in which 
this preparation was completed the Bezold reflex 
was present, in spite of the extensive dissection 
and the section of main vagal trunk described. 
In all five, cutting the fine nerves running from 
the left atrium abolished the reflex (Fig. 3). 


Action Potentials 


Twenty-one single and multifibre preparations 
were made from the aortic depressor branches of 
the vagus. Intravenous injections of 30-40 xg. 
veratridine did not sensitize any of these endings. 
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left pulmonary artery divided and retracted to gain access to the 
nerves running beneath it. Record of femoral arterial pressure 
with a condenser manometer; time signals in 1/10 seconds, 
interrupted once per second. At the signal marks 1 yg. vera- 
tridine was injected into the left circumflex coronary artery. 
Between the upper and lower records there was a 10 minute 
interval during which the left posterior cardiac branches of the 
vagus were divided. 
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Fic. 4. —Records of action potentials recorded from the left posterior 
cardiac nerves (above), time marks at 1/10 sec. intervals, and the 


electrocardiogram (below). The upper record (A) shows a fibre 
which discharged only between the P and QRS deflections of the 
E.C.G. The lower record (B and C) shows a fibre which dis- 
charged both before and after the QRS complex, the discharge 
frequency varying with different phases of the respiration. 


From the small cardiac branches of the vagus 
running behind the left pulmonary artery from 
the back of the heart, 14 single and multifibre 
preparations were made. The spontaneous activity 
recorded in the majority of these preparations 
was similar to that described for atrial pressure 
or volume receptors by other workers (Paintal, 
1953). Some discharged only immediately after 
the P wave of the electrocardiogram (Fig. 4, A), 
others discharged both between the P and QRS 
waves and again about the T wave (Fig. 4, B and 
C). A few only discharged at or after the T wave. 
These fibres discharged more frequently on intra- 
venous injection of saline, but were not sensitized 
by the injection of 30-40 »g. veratridine intra- 
venously, or 1-2 pg. veratridine into the left 
circumflex coronary artery. In all these prepara- 
tions both vagi were cut in order to exclude reflex 
changes in the circulation. In three preparations, 
however, injection of veratridine into the left 
circumflex coronary artery caused an audible and 
visible increase in background activity ; the charac- 
teristic spontaneous discharge of the fibres respon- 
sible for this phenomenon could not be identified. 
We had the impression, since we were at the time 
recording from very small nerve strands, that these 
nerve fibres must have been small. In addition, 
on several occasions we encountered single fibre 
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preparations from these nerves which showed 
spontaneous activity with cardiac and/or respira- 
tory rhythms which we were unable to classify 
with known types of receptor. 


DISCUSSION 


We have confined our attention to the vagal 
branches of the left side of the heart in dogs 
because preliminary experiments showed that, 
when the right vagus was cut, injection of vera- 
tridine into the left coronary arteries no longer 
caused any significant bradycardia. Thus, with 
the right vagus cut, the Bezold reflex is presum- 
ably due almost entirely to peripheral vasodilata- 
tion. Section of branches of the left vagus then 
causes a reduction in the Bezold reflex only by 
interruption of afferent nerve fibres, and not by 
interruption of efferent vagal cardio-inhibitory 
nerve fibres. The delineation of the afferent 
pathway on the left side is therefore a simpler 
proposition than that on the right side. 

Progressive section of the left vagal branches 
showed that the afferent nerve fibres for the Bezold 
reflex accompany the left recurrent laryngeal 
nerve as it runs across the aortic arch, and then 
run posterior to the left pulmonary artery towards 
the back of the left atrium. Comparison of the 
distribution of these branches with the anatomical 
studies of Schurawlew (1928) shows no exact corre- 
spondence with those which he described; the 
nearest seem to be the “ rami cardiaci sin, zum 4 
Geflecht ” (r.r.c.s, of his Fig. 1). We propose to 
refer to these nerves as the left posterior atrial 
branches of the vagus. They are thus distinguished 
from the vagal branches to the heart which run 
anterior to the left pulmonary artery; the term 
atrial should not be taken to imply that the nerve 
fibres end in the atrium only. 

It was disappointing to find that the only fibres 
encountered in any number, which almost certainly 
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originate from atrial pressure or volume receptors, 
were not sensitized by veratridine. While there 
is good reason to believe that there are other types 
of fibres running among these nerves, it is not sur- 
prising that under the particular experimental con- 
ditions smaller nerve fibres were not isolated. In 
so far as these observations can be compared with 
those of Jarisch and Zottermann (1948) on the 
right atrial vagal nerve fibres of the cat, they 
would agree in the general conclusion that the 
Bezold afferent nerve fibres are probably of small 
diameter and accompany the vagal branches to 
the atria. 


SUMMARY 


The afferent pathway for the Bezold reflex has 
been defined on the left side in dogs by injecting 
veratridine directly into the left circumflex 
coronary artery ; the right vagus was cut. The 
afferent nerves run from the vicinity of the left 
atrium beneath the left pulmonary artery to join 
the left recurrent laryngeal nerve as it crosses the 
aortic arch. 


One of us (J.G.W.) is indebted to the Medical 
Research Council for a grant during this work. We 
are most grateful to Professor O. Krayer for the 
sample of veratridine. 


REFERENCES 


Dawes, G.S., Mott, J. C., and Widdicombe, J. G. (1951). 
J. Physiol., 115, 258. 

Jarisch, A., and Richter, H. (1939). Arch. exp. Path. 
Pharmak., 193, 355. 

—— and Zottermanr, Y. (1948). 
16, 31. 

Jones, J. V. (1953). Brit. J. Pharmacol., 8, 352. 

Krayer, O., Wood, E. H., and Montes, G. (1943). J. 
Pharmacol., 79, 215. 

—— Moe, G. K.,and Mendez, R.(1944). Ibid.,82, 167. 

Moe, G. K., Bassett, D. L., and Krayer, O. (1944). Ibid., 
80, 272. 

Paintal, A. S. (1953). J. Phvsiol., 120, 596. 

Schurawlew, A. N. (1928). Z. ges. Anat., 86, 655. 


Acta physiol. scand., 














Brit. J. Pharmacol. (1953), 8, 399. 


HAYATIN METHIODIDE: A NEW CURARIFORM DRUG 
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While investigating the pharmacological pro- 
perties of an alkaloid “ hayatin ” from the root of 
an indigenous plant, Cissampelos pareira, Linn., 
its methiodide* was found to depress respiratory 
movements and, on further investigation, to be a 
muscle relaxant. In a preliminary note (Pradhan, 
Ray, and Varadan, 1952), the curariform property 
of this compound was briefly reported. It is a 
colourless, crystalline substance, m.p. 281° C. 
(decomp.), soluble in warm water and less so 
in cold water. Its empirical formula is 
C,;H,,0,N.CH,I+ (Bhattacharya, Sharma, and 
Dhar, 1952). In the present paper the curariform 
activities of hayatin methiodide and of d-tubo- 
curarine chloride are compared. 


MATERIAL AND METHODS 


Several species of animals were studied. A 1% 
solution of crystalline hayatin metihiodide in distilled 
water and a 1% solution of d-tubocurarine chloride 
(Burroughs Wellcome and Co.) were used throughout 
unless otherwise stated. 


Mice.—Thompson’s inclined-screen procedure for 
bioassay of insulin was adapted for the quantitative 
evaluation of curariform activity in mice (Thompson, 
1946). Hoppe (1950) compared the curariform acti- 
vity of Win 2747 and d-tubocurarine chloride by this 
method. In the present study, doses of hayatin meth- 
iodide, at intervals of 0.05 mg./kg. in a volume of 
0.01 ml./g. body weight, were injected  sub- 
cutaneously to groups of 5 mice. The mice were 
placed in small stalls, 6 in. X 12 in., on a fine-mesh 
wire screen inclined at an angle of 50° to the hori- 
zontal plane. The dose producing typical skeletal- 
muscle paralysis in a mouse, and causing it to slide 
down the screen abruptly within half an hour after 
injection, was considered to be the effective dose for 
that animal. The percentage of mice developing 
paralysis at each dose level was determined. The 
effective dose (EID50) and its standard error were 
calculated by Kirber’s method (Finney, 1952). 


Rabbits—Curariform activity of hayatin methiodide 
was investigated in rabbits by a quantal assay pro- 
cedure (Hoppe, 1950). Suitably graded doses of the 

* Isolated and prepared in the Medicinal Chemistry Division of 


the Central Drug Research Institute. Lucknow. 
t Now modified to C35H3g0gN.2CHsI. 
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substance, in a volume of 1.0 ml./kg., were given 
intravenously, at the rate of 1.0 ml./5 sec., to groups 
of 10 rabbits. After injection the rabbits were placed 
in a large enclosure on the floor for detection of head- 
drop. The response was considered positive when 
the head dropped forward on the supporting surface 
and could not be raised in spite of a light tap on the 
snout of the animal. The percentage of rabbits show- 
ing head-drop at each dose level was determined. The 
head-drop dose (HD50) and the standard error were 
calculated by Kirber’s method. Mean head-drop was 
determined for hayatin methiodide by using concentra- 
tions of 0.025 mg./ml./min. Comparison of d-tubo- 
curarine chloride and iiayatin methiodide was made by 
both a quantal assay procedure and a cross-over test. 


Cats and Dogs.—Sciatic-gastrocnemius preparations 
were prepared in cats and dogs anaesthetized with 
quinalbarbitone or sodium phenobarbitone as de- 
scribed by Burn (1950). A piece of the bone into 
which tendo Achilles is inserted was cut through, and 
a stout cord tied round the tendon was passed over a 
pulley to a suitable weight. A light thread, also 
fastened to the tendon, was connected to a writing 
lever for recording the individual muscle contrac- 
tions. The sciatic nerve was dissected, crushed at 
the proximal end, and stimulated by means of an 
electronic stimulator giving impulses of 0.001 sec. 
duration at the rate of 15 per min. After a control 
period of repeated stimulation, during which a series 
of contractions of uniform height was recorded, haya- 
tin methiodide was injected intravenously in a suit- 
able dose. When the muscle contraction and respira- 
tion had returned to normal, a further dose of the 
same drug, or of d-tubocurarine chloride, was injected. 
Percentage paralysis in the muscle was calculated 
from the diminution in the height of contraction 
from its original level. Muscles were stimulated 
directly by pulses of 0.005 sec. duration at the rate 
of 15 per min. Carotid blood pressure and tracheal 
air pressure were also recorded in these animals, and 
arrangements were made for artificial respiration when 
necessary. Diaphragmatic respiration was recorded 
directly by means of a light thread fixed to the perito- 
neal aspect of the right hemidiaphragm. Intercostal 
movement was recorded by a thread tied round the 
lateral part of the 6th, 7:h, or 8th rib. 


Frog Rectus Abdominis—The rectus abdominis 
muscle was dissected from a pithed frog and was put 
for one hour in Ringer solution containing 1 in 
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500,000 eserine. It was then put in a 50-ml. bath 
already filled with eserinized Ringer solution. After 
four minutes this fluid was replaced by ordinary frog- 
Ringer solution. A dose of hayatin methiodide was 
added and the effect noted. A buffered solution of 
acetylcholine (0.005%) was then added to the same 
bath, 1 ml. every two minutes till the muscle con- 
tracted. The muscle was washed with ordinary frog- 
Ringer solution and the effect of acetylcholine alone 
was tested on the same muscle. Another dose of 
hayatin methiodide was then tried, either on the same 
or on a different muscle. 

Toxicity was studied in mice (18-22 g.), rabbits 
(about 2 kg.), and dogs. 


RESULTS 


Curariform Activity 

Mouse _ Inclined-screen Method. — Hayatin 
methiodide, injected subcutaneously into mice, 
produced restlessness within two to five minutes ; 
the animals gradually became quiet and signs of 
respiratory embarrassment became _ apparent. 
Paralysis of skeletal muscles started in the hind- 
leg and increased till the mice lost their ability to 
retain their position on the wire mesh of the 
screen and abruptly slid down. With increasing 
doses the interval between the injection of the 
drug and the onset of paralysis diminished and 
the duration of paralysis of limb muscles 
increased. Table I shows the effect of various 


TABLE I 


ONSET AND DURATION OF PARALYSIS AFTER SUB- 
CUTANEOUS INJECTION ——- METHIODIDE TO 
M 











Interval between Duration 
= PP 2 —sae | Se . 
mg./kg.) nset of - aralysis 
Used | Paralysed | paralysis (min.) (min.) 
0-15 5 0 — 0 
0-20 5 3 9+2°-18 13+11-42 
0-25 5 5 9+2°40 21+ 5-47 
0-30 5 5(a) 6+1-41 39+ 4-84 
0-35 5 5(b) 6+2:03 30+ 9-70 
0-40 5 S(c) 3+0-90 

















(a) One died after = min. 
1 


— eee ee a 
(c) All died with paralysis after 237-8 min. 


doses on the onset and duration of paralysis. 
After a while the animals were able to get up 
slowly from the lying down position, and after 
longer intervals they were able to move about with 
complete recovery from paralysis. Death from 
high doses, and also from low doses in susceptible 
individuals, took place from respiratory failure. 
In such animals twitchings of the limbs, and 
micturition, occurred. 

The EDSO in mice, after subcutaneous injection, 
was 0:195+0.0187 mg./kg., which is about half the 


EDS50 for d-tubocurarine chloride obtained by 
Hoppe. 

Rabbit Head-drop Method—The head-drop 
potency (HDS5O) in rabbits by a quantal assay pro- 
cedure was 0.0526+0.0009 mg./kg. for hayatin 
methiodide, and 0.1124+0.0113 mg./kg. for d- 
tubocurarine chloride. Hayatin methiodide thus 
appeared to be 2.13 times as potent as d-tubo- 
curarine chloride (Table VI). The HDSO for 
d-tubocurarine chloride obtained by this procedure 
agrees with the value of between 0.110 to 0.115 
mg./kg. obtained by Collier, Paris, and Woolf 
(1948). Everett (1948) and Hoppe (1950), however, 
gave higher values for the HD50—of 0.15 mg./kg. 
and 0.146 mg./kg. respectively. 

The ratio of HDS50 to LDSO was 1.34 for hayatin 
methiodide, as compared with 1.28 for d-tubo- 
curarine chloride. After rapid intravenous 
injection of hayatin methiodide, symptoms similar 
to those produced by d-tubocurarine chloride 
appeared. At first there was paralysis of the hind 
legs followed by respiratory depression and 
marked skeletal muscle incoordination, then slight 
restlessness ; head-drop finally occurred within 1 
to 2 minutes. Data showing the duration of head- 
drop and limb muscle paralysis with different 
doses of hayatin methiodide are given in Table II. 
It is evident that the duration of paralysis of neck 


TABLE II 


DURATION OF HEAD-DROP, AND TIME FOR COMPLETE 

RECOVERY FROM LIMB PARALYSIS, AFTER INTRAVEN- 

OUS ADMINISTRATION OF VARIOUS DOSES OF HAYATIN 
METHIODIDE TO RABBITS 








Dose No. of Duration of Duration of 
(mg./kg.) Animals Head-drop Limb Paralysis 
8./Kg. Used (min.) (min.) 
0-052 10 1-8+1-88 2°32%2°12 
0-054 10 2:°0+1°82 4-5+2°31 
0-057 10 2°141-39 5-0+2-26 
0-065 10 (a) 4:0+3-34 6°34+3-22 
0-070 10 (b) 6-96+2°85 8-67+3-39 
0-075 10 (c) 9-04+4-16 11:19+4-°16 














5 : died after 8: 25 + -1-95 min. 


6 1015 1-61 


and limb muscles was prolonged with increase of 
dose. 

The potencies of these two drugs were also com- 
pared in rabbits by a cross-over test. By this 
method the mean head-drop dose was 0.0840+ 
0.0176 mg./kg. for hayatin methiodide and 
0.1713+0.0364 mg./kg. for  d-tubocurarine 
chloride. The standard error of the difference 
was 0.0283, with “t”=0.79 ; the difference is thus 
significant. By this method hayatin methiodide 
was found to be 2.04 times as active as d-tubo- 
curarine chloride. The mean head-drop dose for 
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hayatin methiodide was found to be much lower 
than the figure obtained previously (Pradhan et al., 
1952), probably because a purer sample of the 
methiodide was available. Our figure for d-tubo- 
curarine chloride appears to be a little higher than 
that reported by other workers. 

The “ cumulative ” effect of hayatin methiodide, 
as manifested by the variation in response of the 
head-drop when the drug was given on successive 
days, was also studied. Three groups of five 
rabbits were each given a different dose of the drug 
(0.050, 0.052, and 0.055 mg./kg.), by rapid intra- 
venous injection, daily for five successive days. 
The results are given in Table III. It appears from 
the data that there was no consistent alteration in 
sensitivity with repeated dosing. 


TABLE III 


DAY-TO-DAY VARIATION IN HEAD-DROP RESPONSE OF 
RABBITS TO oa? on METHIODIDE GIVEN INTRAVEN- 
SLY ON 5 SUCCESSIVE DAYS 












































| Head-drop Responses. Total No. 
Dose _ (Rabbit Day: a at aad 
3 .)| No. otal No. 
= _ . 1 2 3 4 5 Injections 
sm imti=-it-<{- a Ge 
33} — | +] - 
39 _ + + + _- 10/25 
41 . - - + 
51 4 - _ _ 
0-052 | 42 | — + +t t 
} om + as 
| 44 + +?| — + + 12/25 
45 4- + — — _ 
47 -- _ _ - — 
0055 | 16 | + | 4 + + | + 
| 22 + + + 
33 - +2} + + +* 23/25 
55 + _ + + + 
56 + r + + + 
* Died afterwards. 
Cat and Dog Nerve-muscle Preparations.— 


Though there was considerable individual vari- 
ation in the relation between the dose of hayatin 
methiodide and the percentage paralysis of the 
gastrocnemius, the dose-response curve appeared 


to be linear (vy =37.22 + 136.76 x) over the range of. 


doses used. The average time taken for complete 
recovery of the nerve-muscle preparation was 
approximately an hour in each instance. There 
was no evidence to indicate an antagonism 
between d-tubocurarine chloride and _ hayatin 
methiodide when both were injected in the same 
animal at suitable intervals ; on the other hand a 
slight synergistic effect was sometimes manifested. 

A comparison of hayatin methiodide and 
d-tubocurarine chloride was carried out, both the 
drugs being administered to the same animal at 
suitable intervals. Table IV shows the results. 
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TABLE IV 
COMPARISON OF PARALYSING POTENCY OF HAYATIN 
METHIODIDE AND d-TUBOCURARINE CHLORIDE 
ADMINISTERED INTRAVENOUSLY TO DOGS 
| 
Max. Ratio— 
Do d-Tubocurarine| Hayatin Twitch Hayatin 
rg Chlorid : Meth. Depression Methiodide/ 
(mg./kg.) (mg./kg.) (% of d-Tubocurarine 
Control) Chlorid: 
56 0-29 — 75 1-01 
— 0-29 76 
57 0-26 — 49 1-35 
— 26 66 
58 0-33 — 93 0-97 
— 0-33 90 
146 = 0-10 41 1-22 
0-10 — 50 
149 — 0- 67 1-15 
0-20 — 77 (Average 1-14) 

















Excellent agreement in the potency ratio between 
hayatin methiodide and d-tubocurarine chloride 
was observed in different animals. The Table 
shows that by this method hayatin methiodide was 
approximately 1.14 times as potent as d-tubo- 
curarine chloride in dogs. 

When hayatin methiodide depressed or even 
abolished the contraction of the gastrocnemius 
muscle indirectly stimulated through the nerve, the 
response to direct electrical stimulation of the 
same muscle still persisted (Fig. la). This was also 
so with d-tubocurarine chloride (Fig. 1b). The 
amplitude of the muscle contraction to direct 
stimulation was, however, depressed by about 36% 
of the control value during complete neuro- 
muscular blockade produced by either drug. This 
observation tends to show that both hayatin 
methiodide and d-tubocurarine act on the muscle 
directly as well as on the neuromuscular junction. 

The effect of frequency of stimulation on the 
degree of paralysis in neuromuscular preparations 
has been stressed. Thus Briscoe (1936) found, 
with the cat femoral-quadriceps preparation, that 
though after tubocurarine the contraction in- 
creased in magnitude in direct proportion to the 
frequency of stimulation up to 240 per second, it 
became merely a brief twitch at the highest 
frequencies. With cat’s sciatic-gastrocnemius 
preparations hayatin methiodide was found to 
depress the muscular contraction more with 
increase of frequency (0.25, 0.5, 1, 2 pulses/sec.) 
(Fig. 2). 

The onset, development, and degree of puralysis 
in different muscles, after intravenous adminis- 
tration of hayatin methiodide to cats and dogs 
anaesthetized with a barbiturate, followed the 
same pattern as is seen with similar doses of 
d-tubocurarine chloride. As with mice and 
rabbits, the limb muscles were affected first and 
the respiratory muscles, especially the diaphragm, 
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? Dog, 9 kg, Phenobarbitone 


Same omimal as in (d) and (b) 





Fic. 1.—Showing depression of 
gastrocnemius contraction 
by (a) hayatin methiodide 

d-tubocurarine 

chloride, when the muscle 

is stimulated directly (M) 

and via the sciatic nerve (N). 


Gastrocnemius, os ll 
(a) 
i Aa ry 
(b) ct eT 
| ait . miss WH 
aE 61 Ak ln 
NM NM, MNMNMNM N 
d-tubocurarine tubocurarine 
o-amg/kg. o°2 mg./kg. 
last of all. The individual limb muscles also 


showed different degrees of susceptibility to both 
drugs. Simultaneous records of gastrocnemius 
and tibialis contractions, along with the move- 
ments of the intercostal muscles and the dia- 
phragm, showed that d-tubocurarine chloride, in a 
dose of 0.2 mg./kg., caused 67% paralysis in the 
gastrocnemius, 45% in tibialis, with some stimu- 
lation of diaphragmatic movement ; hayatin meth- 
iodide, in the same dose, caused 77% paralysis in 
both gastrocnemius and tibialis together with very 
slight depression of intercostal but stimulation of 
diaphragmatic movement (Fig. 3). Diaphragmatic 
movements were stimulated to a greater extent at 
doses which completely paralysed the skeletal 
muscles—probably as a compensatory measure for 
the depression of the intercostals. Complete 
diaphragmatic paralysis could, of course, be 
obtained with sufficiently high doses. 


To find out the margin of safety for this drug, 
the doses causing complete paralysis of limb 
muscles and doses causing complete respiratory 
paralysis were determined. A few cats and dogs 
were given 0.1 mg./kg. doses every minute, until 
paralysis of limb muscles and of respiration was 
obtained. Table V gives the results of such experi- 
ments. The ratio between the two _ doses, 


TABLE V 


RATIO OF GASTROCNEMIUS AND RESPIRATION PARALYS- 
ING DOSES OF ee IN CATS AND 





| 


a (1) Dose to Cause | (2) Dose to Cause 








No and Complete Paralysis | Complete Paralysis Ratio 
Animal of Gastrocnemius of Respiration (2)/() 
Used (mg./kg ) (mg /kg.) 
158-dog | 0:5 0-8 | 16 
159-cat 0-1 | 0-2 i 2 
162-cat 0-4 0-9 2°25 
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Fic. 2.—Effect of frequency of electrical stimulation on the degree of paralysis of the gastrocnemius muscle produced by hayatin 
methiodide. The pulse frequencies per second (0.25, 0.5, 1.0, and 2.0) are indicated on the record. 
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the margin of 


indicating 
safety, was about 2. This 
compares with a correspond- 
ing ratio of 1.25 for d- 
tubocurarine chloride and 


2.22 for decamethonium 
iodide (Robson and Keele, 
1950). 


A cumulative effect of 
hayatin methiodide was 
manifested in nerve-muscle 
preparations of cats and 
dogs. Some doses of the 
drug were repeated in the 
same animal after the ampli- 
tude of muscle contraction 
had returned to its original 
level. It was found that the 
second dose produced para- 
lysis of a greater degree and 
of a longer duration than 
did the first dose. The initial 
injection of 0.1 mg./kg. of 
the drug caused 71% para- 
lysis in the gastrocnemius of 
a cat, with recovery after 
nine minutes ; repetition of 
the same dose, however, 
caused 100% paralysis, with 
complete recovery after 13 
minutes (Fig. 4). 


Effect of Neostigmine.— 
As with  d-tubocurarine 
chloride, neostigmine methyl 
sulphate antagonized the 
curariform effect of hayatin 
methiodide. In rabbits, 
intravenous injection of 


one minute before the injec- 
tion of hayatin methiodide, 
increased the HDS50O from 
0.0523 mg./kg. to 0.1182 mg./kg. (ie. 2.25 
times), and the LD50 from 0.0703 mg./kg. to 
0.1972 mg./kg. (ie. 2.8 times). With d-tubo- 
curarine chloride the corresponding increases in 
the HDS50 and LDSO were 1.7 and 2.1 respectively 
(Hoppe, 1950). 

In dog-nerve muscle preparations also, neostig- 
mine exerted its antagonistic effect on the action of 
hayatin methiodide. As with d-tubocurarine 
chloride, neostigmine, given in doses of 0.05-0.1 
mg./kg. during curarization with hayatin meth- 
iodide, caused mainly a shortened duration of, and 
amore rapid recovery from, the muscular paralysis 
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(a) Tubocurarine chloride 0°2 mg./kg. 


muscles respectively: 
diaphragmatic muscles. 
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(b) Hayatin methiodide 0°2 mg./kg. 
0.05 mg. /kg. of neostigmine, Fic. 3.—To show variation in the response of different muscles to the action of (a) 


d-tubocurarine chloride, and (b) hayatin methiodide. Dose of each drug, 0.2 mg./kg 
The two upper rows of tracing show induced contractions in gastrocnemius and tibialis 


the two lower the spontaneous movements of intercostal and 


(Fig. 5). On simultaneous administration of hay- 
atin methiodide and neostigmine, though paralysis 
was not completely prevented, its degree and 
duration were markedly diminished. Thus a dose 
of 0.2 mg./kg. hayatin methiodide produced 67% 
paralysis of the gastrocnemius muscle of a dog 
lasting for more than 20 minutes, whereas a com- 
bination of 0.2 mg./kg. of the drug with 0.005 
mg./kg. of neostigmine produced in the same 
animal only 28.5% paralysis, complete recovery 
occurring within six minutes. Another combin- 
ation, of 0.3 mg./kg. of the drug with 0.08 mg./kg. 
of neostigmine, caused only 30% paralysis lasting 
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Fic. 4.—To show cumulative action of successive equal doses 
(0.1 mg./kg.) of hayatin methiodide on the degree and duration 
of paralysis of the gastrocnemius muscle. Upper record (a) 
shows effect of first dose; lower record (b) that of second dose. 
Partial paralysis in (a), with complete recovery in 9 min. Com- 
plete paralysis in (b), with recovery in 13 min. 
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Fic. 5.—To show the antagonism of neostigmine to the curariform action of hayatin methiodide 


on the gastrocnemius. 


for nearly 18 minutes. In another animal hayatin 
methiodide in a dose of 0.1 mg./kg. caused 60% 
paralysis of the gastrocnemius muscle, lasting for 
one hour. When, however, neostigmine, 0.1 mg./ 
kg., was administered two minutes previously the 
paralysing effect of hayatin methiodide was com- 
pletely prevented. When the hayatin methiodide 
was given ten minutes after the neostigmine, only 
40% paralysis was obtained and recovery was 
quick. Neostigmine exerted a marked beneficial 
effect on respiration when this was _ seriously 
affected by hayatin methiodide (Fig. 6). 

Previous tetanization antagonized the paralytic 
effect of hayatin methiodide as it does that of 
d-tubocurarine chloride. 
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Frog Rectus Abdominis Muscle and Antag- 
onism to Acetylcholine-—Hayatin methiodide did 
not show any effect on the frog rectus abdominis 
even at a concentration of 1 in 10,000 (1 mg. in 
10 ml.). On the other hand 0.2 mg. of hayatin 
methiodide could prevent the contraction pro- 
duced by 0.01 mg. of acetylcholine and not more, 
whereas 0.1 mg. of hayatin methiodide failed to 
antagonize 0.01 mg. acetylcholine. Thus hayatin 
methiodide appeared to antagonize the action of 
acetylcholine on the frog’s rectus though it did not 
itself produce any muscular contraction. In this 
way its action resembles that of d-tubocurarine 
chloride and not that of decamethonium. 


Toxicity 

Acute Toxicity—The symptoms were more or 
less the same in all the species studied. Ataxia 
of hind limbs, incoordination of skeletal muscles, 
and respiratory embarrassment were the usual 
manifestations. When respiration became more 
affected, twitching or even convulsions occurred 
and urination followed; the animal finally died 
of respiratory paralysis 
usually within 30 to 50 
minutes, rarely after an 
hour. At sublethal dosages, 
convulsive movements dis- 
appeared when _ respiratory 
movements were re-estab- 
lished. Salivation was 
noticed in some of the dogs 
and rabbits. 

Lethal doses of hayatin 
methiodide in various species 
of animals are given in 
Table VI and compared with 
those of d-tubocurarine 
chloride. 
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Fic. 6.—-To show beneficial effect of neostigmine on respiratory 
movements depressed by hayatin methiodide. 
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TABLE VI 
COMPARATIVE PHARMACOLOGICAL DATA FOR HAYATIN METHIODIDE AND d-TUBOCURARINE CHLORIDE 
Hayatin Methiodide | d-Tubocurarine Chloride Relative Activity of 
Type of Test | Hayatin Methiodide 
| No. of | Dose | No. of Dose (d-Tubocurarine 
Animals | (mg./kg.) | Animals (mg./kg.) Chloride= 1) 
Subcutaneous EDS0 mice .. ee i ys 30 0:195 +0-0187 50 0-4 +-0-02* 2-05 
LDS50 a a am ile 30 0-355 +0-0218 60 0-6 +0-02* 1-7 
Intravenous LDS50O rabbits = =P a | 50 0-0696 + 0-0022 30 0-150 +0-0122 2-15 
HDS50 70 0-05 26 +0-0009 30 0-1124+0-0113 2°13 
Intravenous mean head- -drop dose in rabbits (by | | 
cross-over test) .. 10 0-0840+0-0176 | 10 0-1713-+0-0364 2:04 
Depression of nerve impulse transmission in dogs 
(Table IV) ots a ‘ _ | — — 1-14 
* Figures given by Hoppe (1950). 
Chronic Toxicity—In rabbits injections of 2. In cats and dogs the curariform activity of 


various doses—0.050, 0.052, and 0.055 mg./kg. 
given for five consecutive days—did not produce 
any untoward effect or cause significant loss of 


cht. 
body weigh DISCUSSION 


It was reported previously (Pradhan ef al., 
1952) that hayatin hydrochloride did not show any 
curariform activity even at 5 mg./kg. doses, 
whereas its methiodide derivative was active even 
at a dose of 0.1 mg./kg. The structural formula 
of hayatin is not known, but the methiodide 
probably contains a quaternary nitrogen atom and 
this may be responsible for the curariform acti- 
vity of the compound. Though this substance 
works mainly by blocking transmission of nerve 
impulses at the neuromuscular junction, it has 
also some direct depressant action on the muscle. 
A similar property of d-tubocurarine chloride has 
been reported by certain workers (Hoppe, 1950 ; 
Acheson, 1948). 

The curariform activity of hayatin methiodide 
seems to resemble that of d-tubocurarine chloride 
more than that of decamethonium. The charac- 
teristics are: (i) mice and rabbits show more 
sensitivity than cats and dogs, (ii) tibialis muscle 
is not more sensitive than gastrocnemius, being 
either equally or less sensitive, (iii) d-tubocurarine 
chloride does not antagonize it, but rather poten- 
tiates its action, (iv) neostigmine shows definite 
antagonism, (v) previous tetanization of the 
Sciatic nerve antagonizes the paralysis of the 
gastrocnemius, (vi) it does not produce contrac- 
ture on frog’s rectus abdominis, but shows 
antagonism to acetylcholine on this muscle. Hence 
hayatin may be classified as a pachycurare along 
with d-tubocurarine chloride (Paton, 1951 ; Bovet, 
1951); this might have been assumed from its 
occurrence in a plant of this genus of Menisper- 


maceae. 
SUMMARY 


1. Hayatin methiodide causes paralysis of 
skeletal muscles in cats and dogs in the same 
manner as d-tubocurarine chloride. 


hayatin methiodide is 1.14 times greater than that 
of d-tubocurarine chloride. 

3. On the frog’s rectus muscle it antagonizes 
acetylcholine. 

4. In mice hayatin methiodide is 2.05 times as 
active and 1.7 times as toxic as d-tubocurarine 
chloride when given by subcutaneous injection. 

5. In rabbits hayatin methiodide is 2.13 times as 
active as d-tubocurarine chloride by a quantal 
assay method and 2.04 times as active as the latter 
by a cross-over test. It is 2.15 times as toxic as 
d-tubocurarine chloride. 

6. The margin of safety for both the drugs is 
very low. 

7. The duration of curariform activity for both 
the compounds seems to be approximately the 
same. 

8. Neostigmine antagonizes the curariform 
action of both hayatin methiodide and d-tubo- 
curarine chloride. 


The authors are indebted to Dr. B. Mukerji, 
Director, Central Drug Research Institute, Lucknow, 
for his interest in this work, and to Messrs. K. S. 
Varadan and C. Ray for their technical assistance. 
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RELEASE OF HISTAMINE BY TRYPTAMINE AND 
5-HY DROXYTRYPTAMINE 


BY 


W. FELDBERG anp A. N. SMITH* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(RECEIVED JUNE 17, 1953) 


MacIntosh and Paton (1949) have shown that 
many amines have in common the property of 
causing histamine release. In the present experi- 
ments it will: be shown that this applies to trypt- 
amine and 5-hydroxytryptamine as well. 

The following procedures were adopted for 
examining the histamine releasing properties of the 
tryptamine compounds. (1) Perfusion of isolated 
skin flaps and gastrocnemius muscles and assaying 
the histamine in the venous effluent after 
arterial injection of the tryptamine compounds. 
(2) Determining changes in histamine content of 
tissues after subcutaneous and intraperitoneal 
injections of tryptamine. 


METHODS 


The perfusion experiments were performed on skin 
flaps of the cat’s and dog’s hind leg and on the 
gastrocnemius muscle of the cat, according to the 
methods described by Feldberg and Paton (1951) and 
Feldberg and Schachter (1952). The presence in the 
venous samples of tryptamine and 5-hydroxytrypt- 
amine collected after their injection had to be taken 
into account when assaying the samples for histamine 
on the atropinized guinea-pig’s ileum preparation, 
because these substances have themselves a contrac- 
tile effect on this preparation. For this reason, the 
samples were first assayed for tryptamine or 5-hydroxy- 
tryptamine respectively on the atropinized rat’s colon, 
according to the method described by Feldberg and 
Toh (1953). They were then assayed for histamine 
on the guinea-pig’s ileum preparation by adding to 
the control solutions of histamine, tryptamine, or 
5-hydroxytryptamine respectively. For instance, if a 
sample of perfusate was found to contain 100 rg. 
tryptamine per ml., and 0.05 ml. was required for 
producing a reasonable contraction of the guinea- 
pig’s gut, the effect was compared with contractions 
produced by different amounts of histamine to each 
of which was added 5 vg. tryptamine. 

Changes in histamine content of tissues after sub- 
cutaneous and intraperitoneal injections of tryptamine 
were studied in albino rats of about 100 g. body 





*During tenure of a Fellowship from the Medical Research 
Council. 


weight. The rats were killed by a blow on the head 
and samples of the tissue to be examined were re- 
moved, weighed, ground in +N HCl with saline solu- 
tion, boiled and neutralized before testing. The 
method has been described elsewhere (Feldberg and 
Talesnik, 1953; Smith, 1953). Tissue samples from 
4 to 6 rats were pooled and extracted together in order 
to minimize individual variations in the histamine 
content. 

All values for histamine are expressed as base. We 
are indebted to Dr. R. K. Richards, Abbott Labora- 
tories, for kindly providing us with the sample of 
5-hydroxytryptamine creatine sulphate. Its mole- 
cular weight is 355, of which about half, i.e., 176, 
represents the base ; all values given refer to the base. 
The tryptamine used was the hydrochloride. Its 
molecular weight is 196.5, of which about 80%, i.e. 
160, represents the base ; all values given refer to the 
salt. In some experiments the histamine releasing 
activity of tryptamine was compared with that of 
compound 48/80, kindly provided by the late Dr. 
C. H. Kellaway (Wellcome Research Laboratories). 


RESULTS 
Perfused Skin Flap of the Cat 


Both tryptamine and 5-hydroxytryptamine 
caused a release of histamine from perfused skin 
flaps. There was, in addition, vasoconstriction 
and the development of oedema ; the vasoconstric- 
tion, which was particularly strong after 5- 
hydroxytryptamine, was probably only to some 
degree due to the released histamine and was 
mainly a direct effect of the tryptamine compounds 
on the vessels. With the injection of either 2.5 mg. 
tryptamine or 5-hydroxytryptamine in 0.5 ml., 
the flow was either stopped or nearly stopped by 
a vasoconstriction which supervened about 2 min. 
after the injection. When the flow was not totally 
arrested, the vasoconstriction was found to reach 
a maximum in 5-7 min. and then very gradually 
subsided. The intensity of the oedema paralleled 
the output of histamine ; it developed during the 
first 30 or 60 min. after the injection, was parti- 
cularly pronounced in the subcutaneous tissue, and 
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HISTAMINE RELEASE BY 


could amount to about six times the weight of 
the skin flap. 

As was to be expected, the first samples after the 
injections contained most of the tryptamine or 5- 
hydroxytryptamine. They were recovered in the 
venous effluent to between 50-70%. Since the 
first drops of venous effluent after the injection, 
which probably contained the highest concentra- 
tion of the tryptamine compounds, were discarded, 
the actual amounts escaping into the venous efflu- 
ent were probably greater. Further, some destruc- 
tion and inactivation of these compounds may 
have ‘occurred during the passage through the 
skin and some may have been retained, as evi- 
denced by their presence in the oedema fluid col- 
lected after cessation of the perfusion. 

Table I shows the amounts of tryptamine and 5- 
hydroxytryptamine from skin flaps of the same cat 
in successive samples of venous effluent, and the 
histamine content of these samples when assayed 
against known histamine solutions but incorporat- 
ing the amounts of the tryptamine compounds 
present in them. 

TABLE I 


ASSAY OF VENOUS EFFLUENT FOR TRYPTAMINE (T), 

5-HYDROXYTRYPTAMINE (HT) AND HISTAMINE (Hi) 

FROM PERFUSED CAT’S SKIN FLAPS OF THE SAME CAT 

2 mg. T injected into the right, and 2 mg. HT into the left skin flap 
(same experiment as No. 9, Table II) 






































: Right Skin Flap Left Skin Flap 
Sample | Min- : 
after —_ — ee a 
Injec- Oo ml. ml. 
tion Col- | Col ie A Co!- tT A 
lection | lected lected . 
1 14-2} 30] 525 | 365 | 2-2 | 660 | 79-2 
2 8-8} 44 | 396 | 145-2 1:3 78 35-8 
3 10 50 | 100 50 | 11-4 | 160 | 43-3 
4 20 | 220 | 143 | 660] 15-0 63 | 600 
5 10 14-7 28 74 | 12-7 13 0-6 
6 10 13-5 11 1-4 | 20-5 17 0:8 
7 20 | 24-2 oui 1:6 | 16:5 12 0-5 
8 20 15-0 “de 0-5 no po pte 
Oedema fluid 75-0 75 7-5 | 68-0 54 7-2 
‘Total ~ 14273 «| 291-1 | 1,057 | 227-4 
Table II shows the amounts of histamine 


released in eleven experiments on injection of 
0.5-2 mg. of the two tryptamine compounds. 
Doses under 0.5 mg. were ineffective, but with 2 
mg. usually between 93 and 283 yg. histamine was 
released. The low value of 30 yg. in experiment 6 
represents only the histamine of the sample col- 
lected during the first 5 min. after the injection ; 
in this experiment the vasoconstriction was so 
intense that the flow stopped after this time and 
attempts to restart it by increasing the perfusion 
pressure led to leakage from the arterial side, so 
that the experiment had to be discontinued. 

In experiments 4, 5, 8, and 9 of Table II, the 
skin flaps of both hind legs were perfused and 
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TABLE II 


OUTPUT OF HISTAMINE AFTER TRYPTAMINE (T) AND 
5-HYDROXYTRYPTAMINE (HT) FROM PERFUSED SKIN 
PREPARATIONS OF THE CAT 


Figures in brackets refer to the highest histamine concentration 
(ug./ml.) found in the initial samples after injection of the tryptamine 
compounds 











Expt. mg. Output of Histamine in yg. 
No. Injected 
After (T) After (HT) 
A ~|— aoe ‘s 

: 0-5 i (0-09)}  — - 
i rf =e wt 28-5 (2) 
3 1-0 11-2 (1-05)|  — be 
4 1:0 46°8 (14) 68 (20) 
5 2-0 93 (4) 115 (8) 
6 2-0 106 (5) 30* (6) 
7 2-0 172 (20) — ont 
8 2-0 187 (32) 127 (28) 
4 2-0 283 (33) 220 (36) 
10 2-0 ~ a 172 (20) 
i" 2-0 229 (22) eo = 




















* Only one 5 min. sample collected. 


tryptamine was examined on one side and the 
equivalent amount of 5-hydroxytryptamine on the 
other. It is evident that the two compounds have 
approximately the same _ histamine releasing 
ability ; if there is any difference, tryptamine is 
slightly more active. Since we express 5- 
hydroxytryptamine as base and tryptamine as salt, 
2 mg. of tryptamine corresponds to 1.6 mg. of base 
only, and the difference between the activity of 
the two compounds is thereby accentuated. 

A similar conclusion is reached from experi- 
ments in which the effects of repeated injections 
are compared on the same skin preparation. In 
the experiments of Fig. 1, 2 mg. of 5- 
hydroxytryptamine and 2 mg. of tryptamine were 
injected into the skin flaps of both legs of the 
same cat, but in reversed order. In both perfu- 
sions the first injection, whatever the tryptamine 
compound injected, produced a greater histamine 
output than the subsequent injection. It was pos- 
sible, however, to increase the histamine output 
considerably by doubling the dose injected. This 
is seen for tryptamine at the end of the perfusion 
of the left skin flap (Fig. 1). 

The vasoconstriction interfered with the time 
course of the appearance of histamine in the 
venous outfiow, and the trough seen in the record 
of the histamine output after 4 mg. tryptamine is 
explained by the fact that during the correspond- 
ing period the flow was greatly reduced and there- 
fore only a small volume of venous effluent 
collected. The vasoconstriction interfered also 
with the output of histamine during some of the 
previous injections in the experiment of Fig. 1, by 
delaying the maximal output per minute until the 
vasoconstriction had subsided. However, the 
actual “ release ’” of histamine probably occurs as 
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Fic. 1.—Histamine output from perfused skin preparations of the hind legs of the same 
cat after tryptamine (T) and 5-hydroxytryptamine (HT). 
base-line indicate periods of pronounced vasoconstriction. 


instantaneously as after the other known histamine 


liberators. 


The histamine release was associated with a 


reduction in the histamine 
content of the central parts 
of the perfused skin. In 
one experiment a release of 
173 yg. histamine after 2 
mg. tryptamine reduced the 
histamine content in the 
central part of the skin 
flap by 75%, to 2.9 ug./g.; 
in a corresponding experi- 
ment with 2 mg. 5-hydroxy- 
tryptamine a release of 171 
pg. histamine caused a re- 
duction by 88%, to 2.6 ug./g. 

When the histamine re- 
leasing property of the two 
tryptamine compounds is 
compared on the perfused 
cat’s skin preparation with 
that of 48/80, it is found 
that, weight for weight, 48/ 
80 is about 100 times more 
active. This is illustrated in 
the experiment of Fig. 2, in 
which the effect of 20 yg. 
48/80 is compared with that 
of 2 mg. tryptamine, on two 
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cats. 








skin preparations from the 
same cat in which the order 
of injection was _ reversed. 
The tryptamine compounds 
are therefore about as ac- 


tive as, or perhaps even 
slightly more active than, 
propamidine. They are 
certainly more active than 
the other amines and 
amidines examined by 
MacIntosh and ‘ Paton 


(1949), and also more ac- 
tive than the opium alka- 
loids and morphine deriva- 
tives examined by Feldberg 
and Paton (1951). 


Perfused Gastrocnemius 
Muscle of the Cat 


The histamine releasing 
activity of tryptamine and 
5-hydroxytryptamine from 
the perfused gastrocnemius 
muscle is illustrated in the 


two experiments of Fig. 3, which are from different 
Since the gastrocnemius has a low histamine 
content, the amounts released from this prepara- 
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Fic. 2.—Comparison of the histamine output by 48/80 and tryptamine (T) from perfused skin 
preparations of the hind legs of the same cat. 
indicate periods of pronounced vasoconstriction. 


The black areas above the base-line 
(For details see text.) 
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tion are much smaller than those released from the 
cat’s skin. In the first experiment, two successive 
injections of 2 mg. 5-hydroxytryptamine released 
3.35 and 0.71 ug. histamine ; in the second experi- 
ment 2 mg. tryptamine released 2.59 ug. histamine, 
and a succeeding injection of 4 mg., 6.35 wg. Al- 
though the two experiments were from different 
cats, they suggest that for the perfused gastroc- 
nemius muscle, as for the perfused skin of the 
cat, the histamine releasing property of the two 
compounds is of the same order. 
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Fic. 3.—Histamine output from perfused gastrocnemius after 2 4 
5-hydroxytryptamine (HT) in expt. 1 and after 2 and 4m 
tryptamine (T) in expt. 2 which was from a different cat. 


The amounts of histamine released in the two 
experiments of Fig. 3 represent only a fraction of 
the muscle histamine. In the experiment with 5- 
hydroxytryptamine, the gastrocnemius of the non- 
perfused leg weighed 30 g. and contained 1.38 
pg./g. histamine ; its total histamine content was 
therefore about 41 »g.; the amounts released by 
the two injections of 5-hydroxytryptamine corre- 
spond, therefore, to about 10% of this figure. In 
the other experiment, the weight of the non- 
perfused gastrocnemius was 28.5 g. and contained 
1.64 »g./g. histamine ; its total histamine content 
was therefore about 47 yg., of which a little over 
20% was released by the two tryptamine injections. 


Perfused Skin Flap of the Dog 


Tryptamine alone was examined, which pro- 
duced some vasoconstriction, but to a less degree 
than on the cat’s skin preparation. When assaying 
the effluent for tryptamine on the rat’s colon, the 
values obtained for the combined first three 
samples, collected over a 10 min. period after the 
injection, were higher than the actual amounts of 
tryptamine injected. This may have resulted from 
the fact that these samples collected during the 
vasoconstriction were blood-stained, even if the 
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effluent had become clear before the injection ; and 
it had been found that samples collected at the 
beginning of a perfusion, when they were yet 
blood-stained and cloudy but no tryptamine had 
been injected, had some activity on the rat’s colon. 
It was not examined whether this activity was due 
to tryptamine or 5-hydroxytryptamine. In order 
to avoid the error of exaggerating, by this activity, 
the histamine assayed in the effluent, two methods 
were adopted : one (method 1) by taking the ex- 
cessively high value actually assayed for trypt- 
amine on the rat’s colon as representing the trypt- 
amine in the sample, and the other (method 2) by 
assuming that the first three samples contained the 
total amount of tryptamine injected. With both 
methods a histamine release could be demon- 
strated, but, as seen from Table III, the values 


TABLE III 


HISTAMINE OUTPUT BY TRYPTAMINE pete PERFUSED 
SKIN PREPARATION OF THE DOG 














Tryptamine Hg. Histamine Assayed 
Injected 
~ By Method 1 | By Method 2 
2 mg. in 0-5 ml. .. 7-0 — 
4 _ ee as 5-3 5:8 
8 - we ‘xis oa 6:8 9-6 








obtained with the second method were higher ; 
even these may be an underestimation of the 
actual amounts of histamine present in the 
samples, because it is unlikely that there was a 
100% recovery of tryptamine. 


Histamine Release from Rat's Tissue by Trypt- 
amine 


Acid saline extracts from rat tissue produced 
contraction of the rat’s colon ; the activity corre- 
sponded to that of 10-20 yg. tryptamine per gramme 
tissue. Somewhat higher values were obtained 
from the animals treated with tryptamine.  Al- 
though such amounts of tryptamine would not 
greatly interfere in the histamine assay, they were 
taken into account by first assaying the extracts 
against tryptamine on the rat colon, and, in the 
subsequent histamine assay on the guinea-pig’s 
ileum, adding tryptamine to the control solution 
of histamine, as in the corresponding assays of 
perfusate (see Methods). 


Subcutaneous Injections—As with 48/80, the 
subcutaneous injection of tryptamine leads to a 
reduction of skin histamine at the site of injec- 
tion. For this purpose 2 mg. tryptamine was 
injected in 0.5 ml. in previously demarcated areas 
of the abdominal skin in eight rats. The injections 
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caused locally a bluish cyanosed area surrounded 
_ by erythema which two hours later became 
cyanosed also. By this time a haemorrhagic weal 
had developed at the injection site. Half of the 
injected rats were killed two hours after the in- 
jection ; the skin at the site of the injection con- 
tained blood cells and plasma. The other half 
of the rats were killed 24 hours after the injection ; 
the site of injection was no longer oedematous 
but contained a crust of cells and dried serum. 
The histamine content of the skin areas at the site 
of injection from these rats is given in Table IV 


TABLE IV 


EFFECT OF SUBCUTANEOUS INJECTION OF 2 MG. TRYPT- 
AMINE IN 0:5 ML. ON HISTAMINE CONTENT OF ABDOM- 
INAL SKIN (POOLED SKIN SAMPLES) AT SITE OF 














INJECTION 
No. of nan ug./g % 
Rats Treatment | Histamine | Reduction 
a 2 Or Be SD 0 
2 2 hr. after injection of sa'ine 42 16 
A : és », tryptamine 14 72 
4 24,, ae as a e 12-8 74 





and compared with the histamine content from 
normal rats and from skin areas of rats having 
received a control injection of 0.5 ml. saline solu- 
tion. Tryptamine produces a great reduction in 
histamine content which persists after all traces 
of oedema have disappeared. The small reduction 
two hours after the saline injection must be 
accounted for by an increased fluid content of 
the skin due to the fact that the injected fluid 
was not completely absorbed. 

There is this difference between the effects of 
tryptamine and those of corresponding experi- 
ments with 48/80 (see Feldberg and Talesnik, 
1953) that the injection of tryptamine, probably 
through its intense vasoconstrictor properties, pro- 
duces local damage to the tissue which may con- 
tribute to the observed reduction in histamine 
content. 


Intraperitoneal Injections.—Eight rats were each 
given a total of 13 mg. of tryptamine intraperi- 
toneally. The injections were made twice daily, 
starting with 1 mg. and going up to 4 mg., as 
shown in Table V. 

After the injection of 1 mg., respiration became 
accelerated, and after 2 and 3 mg. was, in addi- 
tion, laboured. The rats became cyanotic, their 
coat was ruffled, but later the skin became pink, 
and in some animals oedema developed round the 
mouth and on the paws. This occurred after 
2 mg. in three, and after 3 mg. in five out of 
eight rats about 45 min. after the injections. With 
4 mg. the animals were first prostrated, cyanosed, 


and cold, and oedema developed in half the 
animals when they began to recover. 

Table V gives the histamine content of various 
tissues from these animals killed 24 hours after 
the last injection. The values from the pooled 
samples are compared with those obtained from 
six control rats. There is a definite reduction in 
skin histamine and also, to a lesser degree, in the 
histamine content of the diaphragm, but the hist- 
amine content of the viscera showed no consistent 


TABLE V 


CHANGES IN HISTAMINE CONTENT OF RAT'S TISSUES 

AFTER INTRAPERITONEAL INJECTIONS OF TRYPTAMINE 

(FIRST DAY 1 MG. TWICE; SECOND DAY, 2 MG. TWICE; 
THIRD DAY, 3 MG. ONCE AND 4 MG. ONCE) 














ug./g. Histamine Yo 
Area r on 3 + ae 
After after 
Controls Tryptamine | Trvyptamine 

Skin of ear ee 50 35 —30 
Skin of paw Ne a 55 30 —46 
Skin of abdomen 32 18 —39 
Diaphragm ve 11-5 8-5 —26 
Liver a a ea 0-7 0-7 0 
Lung 1-0 0-9 —10 
Aorta i a = 2:3 2°5 +9 
Stomach me ‘as 12:5 11-5 —8 














change. The difference of 10% or less cannot be 
regarded as sufficient proof for an effect of the 
tryptamine. 


DISCUSSION 


The finding that tryptamine and 5-hydroxytrypt- 
amine have the ability to release histamine from 
living tissue brings them into line with the large 
group of amines having this property. Although 
the activity of tryptamine and 5-hydroxy- 
tryptamine in releasing histamine is somewhat 
greater than that of the other amines and amidines 
examined by MacIntosh and Paton (1949), and is, 
in fact, slightly more active than that of prop- 
amidine, the most active compound examined by 
these authors, this action must, nevertheless, be 
regarded as a side-effect of their pharmacological 
properties. This does not eliminate the possibility 
that histamine release is at the root of certain 
phenomena, seen after injection of tryptamine 
compounds and resembling histamine effects ; for 
instance, it may account for some of the depressor 
effects on the arterial blood pressure obtained 
with 5-hydroxytryptamine in cats and dogs 
(Erspamer, 1952 ; Page, 1952; Freyburger, Gra- 
ham, Rapport, Seay, Govier, Swoap, and Vander 
Brook, 1952) and is most likely the cause of the 
intense vasodilatation associated with itching seen 
in the rat after subcutaneous injection of a large 
dose of 5-hydroxytryptamine (Erspamer, 1952). 
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On the other hand, histamine release may occur 
without its usual signs, because the strong vaso- 
constrictor action of tryptamine or 5-hydroxytrypt- 
amine may override a histamine vasodilatation. 


Recent work has shown that 5-hydroxytrypt- 
amine is a natural constituent of some animal 
tissues (Rapport, 1949; Erspamer and Asero, 
1952 ; Bacq, Fischer, and Ghiretti, 1952 ; Dalgliesh, 
Toh, and Work, 1953 ; Feldberg and Toh, 1953) ; 
if released in the body it might well, in its turn, 
cause release of histamine. Although there is as 
yet no evidence that this sequence of events occurs 
in the body, the possibility cannot be excluded 
that such a mechanism participates in the hist- 
amine release by peptone and by the antigen- 
antibody reaction of anaphylaxis, because 5- 
hydroxytryptamine is released from platelets by 
the antigen-antibody reaction in vitro (Humphrey 
and Jaques, 1953) and because release of hist- 
amine from the dog’s liver and the rabbit’s lung 
by either antigen or peptone is, to a great extent, 
dependent on disintegration of platelets (Dragstedt, 
1941 ; Rocha e Silva, 1950). Even if, under these 
special conditions, the re!ease of 5-hydroxytrypt- 
amine from platelets by antigen or peptone should 
be an intermediate step for the release of hist- 
amine, not only from the platelets themselves, 
but perhaps also from the liver and lung cells 
with which the agglutinated platelets come in 
close contact when they are “trapped” in the 
capillary bed of these organs, 5-hydroxytrypt- 
amine is probably not the only intermediate hist- 
amine liberator set free. It is also necessary to 
keep in mind, in this connection, that the sympto- 
matology following injections of 5-hydroxytrypt- 
amine does not resemble closely that of anaphyl- 
axis. 

Histamine is also released from the platelets 
during clotting (Code, 1952), which is, moreover, 
associated with release into the serum of 5- 
hydroxytryptamine (Rapport, Green, and Page, 
1948 ; Rapport, 1949 ; Reid and Rand, 1951). The 
release of histamine in this process may again 
be subsequent to that of 5-hydroxytryptamine and, 
during intravascular thrombosis, release of 5- 
hydroxytryptamine from the thrombus may, in 
turn, lead to release of histamine from the endo- 
thelial lining of the vessel. 
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SUMMARY 


Tryptamine and 5-hydroxytryptamine release 
histamine from living tissue; this finding 
brings them into line with the large group of 
amines having this property. The histamine- 
releasing activity of tryptamine and 5-hydroxy- 
tryptamine is about 100 times less than that of 
compound 48/80. The release of histamine was 
demonstrated under the following experimental 
conditions : 


(a) After arterial injection of either tryptamine 
or 5-hydroxytryptamine into the perfused skin flap 
or gastrocnemius muscle of the cat. 


(b) After arterial injection of tryptamine into 
the perfused skin flap of the dog. 


(c) After subcutaneous or repeated intra- 
peritoneal injections of tryptamine to rats. The sub- 
cutaneous injection caused a local reduction in the 
histamine content of skin at the site of injection, 
the intraperitoneal injections a general reduction 
of the histamine content in skin and skeletal 
muscle. 
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ANAPHYLAXIS AND HISTAMINE RELEASE IN THE RABBIT 
BY 
M. SCHACHTER* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(RECEIVED JUNE 24, 1953) 


Since the time that the similarity of the symp- 
toms of histamine intoxication and acute anaphy- 
lactic shock was pointed out by Dale and Laidlaw 
(1910), an impressive body of evidence implicating 
histamine in anaphylaxis has accumulated. An 
increased concentration of circulating histamine 
was obtained by Dragstedt and Gebauer-Fuelnegg 
(1932) in supradiaphragmatic venous blood of the 
shocked dog. Similar observations were later made 
for the guinea-pig as well as for the dog (Code, 
1939). The release of histamine from an isolated 
tissue during the antigen-antibody reaction of 
anaphylaxis was shown for the perfused guinea- 
pig lung (Bartosch, Feldberg, and Nagel, 1932), 
and Schild (1939), employing a tissue incubation 
technique, found that this was true, though to a 
varying degree, for many tissues of the guinea-pig. 
The anaphylactic release of histamine is marked in 
the liver of the dog (Dragstedt and Gebauer- 
Fuelnegg, 1932; Dragstedt and Mead, 1936; 
Rocha e Silva, Scroggie, Fidler, and Jaques, 1947), 
and, as has recently been demonstrated, also occurs 
in the isolated, perfused skin of this species (Feld- 
berg and Schachter, 1952). 

The above observations, along with others, sup- 
port the hypothesis that the liberation of histamine 
is an important accompaniment of anaphylactic 
shock. The released histamine, through its effects 
at the site of release plus its subsequent systemic 
actions, can to some extent account for the toxi- 
cology of the immediate anaphylactic reaction in 
the guinea-pig and dog. Observations in other 
species, however, have raised some doubt about the 
“fundamental” role of histamine in anaphylaxis 
(see Ratner, 1943). For example, although hist- 
amine is released into the plasma from formed 
elements of rabbit blood during the antigen- 
antibody reaction in vitro (Katz, 1940 ; Dragstedt, 
Ramirez de Arellano, Lawton, and Youmans, 
1940 ; Rose and Browne, 1941 ; Carryer and Code, 
1950), in the intact rabbit, anaphylaxis is regularly 
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accompanied by a marked reduction in the concen- 
tration of histamine in whole blood (Rose and 
Weil, 1939 ; Rose, 1941). Code and Hester (1939) 
likewise found a reduction in blood histamine con- 
centration during the anaphylactic reaction in the 
horse and calf. 

The present experiments were primarily designed 
to investigate whether direct evidence for the local 
release of histamine during the antigen-antibody 
reaction in various rabbit tissues could be obtained. 
They revealed that this does indeed occur, to a 
marked degree from skin, also from liver, and to 
a lesser degree from small intestine. 

The possibility that other pharmacologically 
active substances might be released, or formed, 
during the anaphylactic reaction in the rabbit was 
also considered, since there is evidence that smooth 
muscle stimulating substances other than histamine 
may appear in the blood. For example, brady- 
kinin, a substance producing a slow contraction 
of the guinea-pig ileum (Rocha e Silva, Beraldo, 
and Rosenfeld, 1949), has been shown to appear 
in the blood of dogs during anaphylaxis (Beraldo, 
1950). The possibility that 5-hydroxytryptamine 
(serotonin, thrombotonin) might be released from 
platelets during the antigen-antibody reaction has 
been suggested by Rand and Reid (1952). Recent 
in vitro studies on blood using anti-platelet serum 
have revealed the release of a smooth muscle 
stimulating substance other than histamine or 
bradykinin (Moussatche and Cruz, 1952). Also, 
Humphrey and Jaques (1953) have reported the 
appearance of a substance resembling 5-hydroxy- 
tryptamine from rabbit blood during the antigen- 
antibody reaction in vitro. The present experi- 
ments, using the guinea-pig ileum as a test prepar- 
ation, failed to detect the release of a smooth 
muscle stimulating substance other than histamine 
during the antigen-antibody reaction in isolated 
perfused skin, liver, or intestine. 

MacIntosh and Paton.(1949) commented on the 
similarity of anaphylaxis and the result of admin- 
istration of histamine releasing substances, and 
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Mongar and Schild (1952) have since demonstrated 
a parallelism in the relative effectiveness of hist- 
amine releasing compounds such as 48/80 and 
curare with that of antigen in releasing histamine 
from guinea-pig tissues. These observations are of 
interest in so far as they suggest that a histamine 
releaser may be produced by the antigen-antibody 
reaction. The present experiments, however, 
demonstrate a discrepancy in the histamine releas- 
ing ability of these agents in the perfused rabbit 
liver ; large amounts of 48/80 were ineffective, 
whereas antigen regularly released considerable 
amounts of histamine from sensitized preparations. 


METHODS 


White New Zealand rabbits (2.5-4 kg.) were sensi- 
tized by 6 daily intraperitoneal injections of 1 ml. 
horse serum and used for experiment in from 10 days 
to 6 weeks after the last injection. Anaesthesia was 
accomplished by intravenous sodium pentobarbitone 
(30 mg./kg.) plus ether if necessary. Arterial blood 
pressure was recorded from the carotid artery. Blood 
samples for plasma histamine assay were obtained in 
the following manner. Blood was drawn into a 
heparinized syringe with as little suction as possible 
and gently introduced into centrifuge tubes contain- 
ing heparin. In later experiments syringes and centri- 
fuge tubes were siliconed to reduce further the degree 
of “spontaneous” histamine release from the blood 
cells (see Code, 1952). The blood was immediately 
centrifuged at 3,000 rev./min. for 10 minutes, the 
plasma removed and assayed at once. In the dye 
experiments, a 5% solution of pontamine sky blue 
in saline was injected in a dose of 1 ml./kg., some- 
what less than that used by Miles and Miles (1952) 
in studying permeability changes in guinea-pigs. 


Perfusion of Isolated Skin—The entire ear was 
removed after cutting away excess fur, and clipped 
on to a sloping square piece of glass. The perfusion 
system consisted of one or two elevated reservoirs 
containing the solutions to be perfused, which were 
continually aerated with 95% oxygen and 5% carbon 
dioxide. Polythene tubing led from the reservoir to 
a Murphy drip which permitted observation of the 
rate of inflow. Another long strip of polythene 
tubing connected the Murphy drip to a glass T tube. 
A short piece of rubber pressure tubing connected 
the T tube to the arterial cannula, a blunted hypo- 
dermic needle. Care was taken to remove air 
bubbles from the system, and the needle cannula 
was inserted into the central artery of the ear. 
After the flow was started the cut ends of the 
small veins of the ear were again cut with 
fine scissors to assist the flow and expel small 
clots. Single intra-arterial injections of 48/80 
were made through the rubber tubing and the injected 
material was allowed to remain in contact with the 
ear tissue for 10-20 sec. by clamping off the inflow 
from the reservoir for this interval. The side arm of 


the glass T tube served as an air trap from which 
small bubbles could be removed if necessary. The 
perfusate ran along the margin of the supporting 
glass plate and was collected as it dropped. The rate 
of flow was regulated by a screw clamp on the poly- 
thene tubing so that it ranged from 18 to 25 ml./min. 
In those instances where the perfusion was altered 
from Locke solution to antigen (2% horse serum in 
Locke solution), two reservoirs were required and a 
glass Y tube was inserted in the system near the 
T tube (towards the reservoir). By opening the arm 
of the T tube the dead space fluid could be quickly 
removed on transferring from Locke solution to anti- 
gen. At the same time the polythene tubing connected 
to the Locke solution reservoir was completely 
clamped off. During the experiment the tempera- 
ture of the skin of the ear was kept at 30-35° C. by a 
lamp. The fluid in the reservoir was usually kept at 
room temperature ; in a few instances it was main- 
tained at 35-40° C. 

Perfusion of the Isolated Liver—The arrangement 
of reservoirs, etc., was as for the ear perfusion. The 
liver, however, was perfused in situ and a glass 
instead of a needle cannula inserted into the portal 
vein. The abdomen was opened by a long mid-line 
incision, the intestine wrapped in a warm damp towel 
and pushed to one side. The portal vein was freed 
from the surrounding tissue and loose ligatures placed 
around it in preparation for cannulation. Small veins 
entering the portal vein superior to the loose liga- 
tures were ligated. The chest was opened in the 
mid-line, retracted, and the thoracic inferior vena 
cava freed and prepared for cannulation. Artificial 
ventilation was begun after the chest was opened. 
The abdominal inferior vena cava was tied off above 
the right renal vein. The portal vein was then can- 
nulated and perfusion begun. The thoracic aorta was 
quickly tied off and the inferior vena cava in the 
chest cannulated. The perfusate soon became clear 
and collection was begun. An abdominal pocket was 
built up around the liver with cotton-wool and the 
liver was immersed in warm paraffin which was kept 
at 35-40° C. by means of a lamp. The outflow was 
regulated to range between 25 and 35 ml./min. 


Perfusion of Isolated Intestine.—A strip of upper 
intestine 18-30 in. in length (measured with mesentery 
removed after the experiment) was separated from the 
rest of the intestinal tract; its mesentery and blood 
supply were kept intact, and the superior mesenteric 
artery and portal vein were dissected free from 
surrounding tissue. The remainder of the intestinal 
tract was removed. The isolated loop of intestine was 
allowed 15-30 min. to recover from the operative pro- 
cedure. Subsequently, glass cannulae were inserted 
into the mesenteric artery and portal vein, and the 
intestinal preparation was removed from the animal 
and transferred to a funnel-shaped bath maintained 
at 37° C. by a water jacket. The outflow of perfusate 
was regulated to 15-25 ml./min. In other respects the 
perfusion apparatus was the same as that used for 
skin and liver. 
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Histamine Assay.—This was performed on the iso- 
' lated atropinized guinea-pig ileum preparation in an 
18-ml. bath of magnesium-free Tyrode solution. 
0.1 »g. atropine was added to the bath after each 
test. Abolition of the contraction by similar addi- 
tion of 0.4 »g. of the antihistamine drug mepyramine 
served to identify the active substance as_hist- 
amine. Those perfusates which contained 2% horse 
serum were assayed against histamine made up in 
Locke solution containing this concentration of horse 
serum, and equal volumes of the histamine standard 
and test solutions were added to the bath during assay. 
This precaution was taken, since histamine in 2% 
horse serum produced a smaller contraction than the 
same concentration of histamine in saline or Locke 
solution. 


Histamine Extraction from Rabbit Ear.—The entire 
skin of the ear was easily stripped from the cartilage, 
weighed, finely divided with scissors and the hist- 
amine extracted by grinding with sand and hydro- 
chloric acid as described by Douglas, Feldberg, Paton, 
and Schachter (1951). Since the cartilage contained 
very little histamine (<1.0 y»g./g.), the histamine re- 
leased into the perfusate can be considered as origin- 
ating almost entirely from skin. 

Drugs.—Histamine was used as the acid phosphate, 
atropine as sulphate, and mepyramine as maleate. 
Compound 48/80, a condensation product of p-meth- 
oxyphenethyl-methylamine with formaldehyde (Baltzly, 
Buck, de Beer, and Webb, 1949), was employed as a 
histamine liberator because of its relatively high 
potency in this respect (Paton, 1951). 5-Hydroxy- 
tryptamine was in the form of the creatinine sulphate 
and was kindly supplied by Dr. R. K. Richards of 
Abbott Laboratories, Chicago. Since serotonin (or 
thrombotonin) has been identified as 5-hydroxy- 
tryptamine (Rapport, 1949) the chemical term is 
employed for this substance. All values for hist- 
amine and 5-hydroxytryptamine are expressed as base. 


RESULTS 


Release of Histamine from the Skin of the Ear. 
—Experiments were performed on ear prepar- 
ations from five sensitized rabbits and five similar 
experiments were carried out on ears from normal 
rabbits. The perfusion was started with Locke 
solution and was transferred to antigen (2% horse 
serum in Locke) after one or two 10 minute 
samples of perfusate had been collected. During 
perfusion with Locke solution the concentration 
of histamine in the perfusate from ear preparations 
of normal or sensitized rabbits was never greater 
than 0.01 yug./ml., and became undetectable after 
10 minutes. Similarly, antigen failed to release 
histamine from ears of normal rabbits. In prepar- 
ations from sensitized rabbits, however, perfusion 
with antigen resulted in the release of large 
amounts of histamine in every instance. The total 
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TABLE I 
THE RELEASE OF HISTAMINE FROM ISOLATED EARS 
OF SENSITIZED RABBITS ON PERFUSION WITH ANTIGEN 
(2% HORSE SERUM) 








Total Total Total Total 

Histamine Histamine Histamine Histamine 

Exp. | in Perfusate | Residue in Released + Extracted 
No. from ** Shocked ”” Residue in from 

** Shocked ” Ear ** Shocked” | Unperfused 

Ear (ug.) (ug.) Ear (ug.) Ear (ug.) 
1 34-7 89-6 124-3 132-0 
2 228 96-0 118-8 131-2 
3 34:9 68-9 103-8 127-3 
4 41-5 177°8 219-3 216-0 
5 37-4 92-5 129-9 144-6 

















amounts of histamine released in these experiments 
ranged from 22.8 to 41.5 yg., the detailed results of 
which are shown in Table I. The time course of 
the release in a typical experiment is shown in Fig. 
1. Fig. 2 is a record of actual contractions of the 
guinea-pig ileum produced by successive perfusate 
samples before and during perfusion with antigen. 
It also shows the complete abolition of the 
activity of the samples by mepyramine. 

In the experiments on ears from sensitized 
rabbits the histamine remaining in the skin of the 
ear was extracted after perfusion with antigen. 
Since the total histamine released into the per- 
fusate was known it was possible to compare the 
total extractable histamine from the unperfused ear 
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Fic. 1.—(a) Output of histamine from isolated ear of normal rabbit 
following a single intra-arterial injection of 0.5 mg. 48/80. | The 
perfusion fluid in this experiment is 2% horse serum, which is 
completely ineffective in releasing histamine from the ear ofa 
non-sensitized rabbit. (b, c, d) Output of histamine from 
isolated ear, liver, and intestine of sensitized rabbits on trans- 
ferring perfusion from Locke solution to 2% horse serum 
(antigen). 
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Fic. 2.—Contractions (15 seconds) of isolated guinea-pig ileum 
produced by perfusates from ear of sensitized rabbit obtained 
before and during perfusion with 2% horse serum (antigen). 
Between (a) and (b) 0.4 ug. mepyramine added to bath. (a) H.S., 
0.5 ml. 2% horse serum. C., control, 1.0 ml. Locke perfusate 
before perfusion with horse serum. Hi, 0.1 sug. histamine in 
2% horse serum. 1-6,0.25 ml. perfusate of successive 10-minute 
samples during perfusion with 2% horse serum. (b) Hi, 0.2 ug. 
histamine. 1-3, 1.0 ml. of samples 1, 2, and 3 as in (a). 


N— 
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with the sum of that released from the “ shocked ” 
ear plus the amount subsequently extractable from 
it. The results indicate that the amount of hist- 
amine released from the skin of the rabbit’s ear by 
antigen plus that remaining after the reaction 
corresponds to the total extractable histamine 
(Table I). The latter was, in most instances, 
slightly greater. This is probably due to some 
destruction of histamine during its release and 
subsequent collection. A similar conclusion regard- 
ing the pre-formed state of histamine released by 
antigen was deduced by Bartosch (1935) from 
experiments on perfused guinea-pig lung. 

Single intra-arterial injections of 0.05-2.0 mg. 
compound 48/80 in 0.5 ml. saline regularly 
released histamine from Locke-perfused ears of 
normal rabbits. Repeated injections of the same 


TABLE II 


HISTAMINE RELEASE ON INTRA-ARTERIAL 
INJECTION OF COMPOUND 48/80 IN THE 








ISOLATED PERFUSED RABBIT EAR 
Amount of Total Histamine 
48/80 Injected in Perfusate 
(mg. in 0-5 ml.) (ug.) 

2-0 15-1 

1:0 (3) 13-5 12-1 9-7 

0-5 (3) 82-0 18-9 16-3 

0-1 (2) 11-0 9-5 

0-05 (2) 11-4 5-8 








The number of experiments is indicated in brackets. 





amount of 48/80 released only small additional 
amounts. The amounts of histamine released in 
eleven experiments are shown in Table II. Except 
for a single experiment, where the injection of 0.5 
mg. 48/80 released 82.0 yg. histamine, perfusion 
with antigen was more effective than 48/80 in 
releasing histamine. This is a reversal of the rela- 
tive effectiveness of these two means of releasing 
histamine from dog skin (Feldberg and Schachter, 
1952). As in the dog, however, the release by 
antigen was slower in onset and more protracted 
than by 48/80, and small amounts of histamine 
were still being released at a low but maintained 
concentration even after two hours of perfusion 
with antigen (Fig. 1). 

The concentration of histamine in the whole skin 
of rabbit ear ranged from 16 to 30 yg. per g. 
in five ears (mean 23.2). 


Release of Histamine from Liver.—The liver per- 
fusate, unlike that of the ear, occasionally con- 
tained moderate amounts of histamine even when 
perfused with Locke solution. This varied between 
0.01 and 0.07 yg./ml. and usually, though not 
always, fell to very low concentrations after per- 
fusing for some time. However, transferring the 
perfusion from Locke’s solution to 2% horse 
serum resulted in a prolonged increase in the out- 
put of histamine in six of seven experiments on 
livers from sensitized animals. The average total 
output of histamine by antigen in these six experi- 
ments was 22.4 yg. (S.D. 14.6). The mean hist- 
amine concentration in the perfusate for 20 
minutes prior to antigen perfusion was 0.03 pg./ 
ml., and 0.11 in the first 20 minutes during per- 
fusion. A typical result is shown in Fig. 1. 

Similar control experiments were done on seven 
normal preparations. In two of these experiments 
transferring the perfusion from Locke solution to 
2% horse serum produced a release of histamine 
similar to that occurring in sensitized preparations. 
Rabbit liver thus occasionally shows a primary 
release of histamine on perfusion with horse serum. 
However, unlike the primary histamine release 
regularly evoked by horse serum from cat skin 
(Feldberg and Schachter, 1952) or by egg white in 
the intact cat and rat (Schachter and Talesnik, 
1952), it was only occasionally observed in rabbit 
liver, and never from skin or intestine. Further- 
more, it is not due to an occasional general tissue 
sensitivity, since horse serum perfusion of ears 
from the same two rabbits failed to release hist- 
amine. 

Compound 48/80 was injected intraportally in 
four similar experiments. Injections of 1.0-5.0 mg. 
were either completely ineffective or produced only 
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traces of histamine in the effluent, irrespective of 
. whether the perfusion fluid was Locke or horse 
serum solution. The ineffectiveness of 48/80 con- 
trasts with the ready release of histamine by anti- 
gen from this organ of sensitized animals. 


Release of Histamine from Intestine —The basal 
histamine release from intestine was low, 0.01 pg. / 
ml. or less, and rapidly became undetectable. In 
three control experiments on intestine from normal 
rabbits, perfusion with Locke or antigen solution 
failed to release any histamine or to augment the 
intestinal movements. In four of five experiments 
with intestine from sensitized rabbits, transfer of 
perfusion from Locke to antigen resulted in the 
release of definite though small amounts of hist- 
amine, giying totals of 0.2, 0.5, 1.0, and 3.8 yg. 
Increased intestinal movements always occurred 
with this release of histamine. 

In three experiments 1 mg. 48/80 (0.05 ml.) was 
injected intra-arterially. This relatively large 
amount released no histamine or only traces of it. 


Identification of Histamine in Perfusates——Since 
Rand and Reid (1952) emphasized that 5-hydroxy- 
tryptamine (serotonin, thrombotonin) is present in 
considerable amounts in rabbit serum and may 
be readily mistaken for histamine if assayed on 
guinea-pig intestine, precautions were taken to 
ensure that the activity of the perfusates was in 
fact not partially due to the former substance. 
This was excluded by testing the effect of concen- 
trations of mepyramine (0.4 yg. added to the bath) 
capable of abolishing the effect of histamine, 
against contractions elicited by 5-hydroxytrypt- 
amine. This had little or no effect on contractions 
produced by 5-hydroxytryptamine. Sensitive pre- 
parations of guinea-pig ileum treated with mepy- 
ramine could detect as little as 0.05 pg. and 
occasionally less of this substance. None the less, 
the activity of the perfusates was abolished by 
mepyramine even if two to three times the volume 
of perfusate assayed for histamine was tested. 
Therefore, the quantitative assay of the perfusates 
as histamine could not have included any activity 
due to 5-hydroxytryptamine. 


Experiments with Pontamine Blue Dye.—Six 
normal rabbits were injected with a 5% solution of 
pontamine blue in saline by a marginal ear vein 
(1 ml./kg.). This was followed in 10 minutes by 
intravenous injection of 48/80 (1 mg./kg.) in two 
of the rabbits and by horse serum in another two. 
The remaining two received no further treatment. 
Thirty minutes after injection of dye all animals 
were killed by a blow on the head and a skin patch 
off the flank shaved, depilated, and removed. Three 


sensitized animals were likewise injected with dye 
and antigen and treated similarly. The normal 
animals all showed only faint blueness, and those 
which received horse serum or 48/80 after the dye 
showed no greater blueness than those receiving 
dye alone. 

The three sensitized animals which were shocked 
by antigen, however, all showed markedly increased 
blueness of the skin, the degree of which appeared 
to be related to the severity of shock. The 
increased blueness of the skin was general and 
became evident in a few minutes. Miles (1953) has 
also noted widespread blueness of the skin during 
anaphylactic shock in guinea-pigs. Examination 
of the viscera revealed a markedly increased stain- 
ing of the entire gastro-intestinal tract involving 
all layers of the gut wall. It was difficult to assess 
the degree of biueness of such normally dark 
organs as liver and spleen. There was no gross 
blueness of the lung. It is of interest that the intra- 
venous injection of histamine (100-300 yg./kg.} 
did not increase permeability to circulating dye. 
A dose of 300 y»g./kg. histamine administered 
intravenously in 30-60 sec. was found to be fatal 
in three rabbits under pentobarbitone anaesthesia 
and in three of four unanaesthetized animals. 

A comparison of patches of skin removed from 
the flanks of normal dyed animals which received 
horse serum or 48/80 with those of sensitized 
animals following injection of antigen is shown in 
Fig. 3. 


Plasma Histamine Concentrations in the Normal 
and Anaphylactic Rabbit—Blood samples were 
taken from the femoral artery of normal rabbits 





Fic. 3.—Patches of skin removed from the flanks of normal animals 
(1-3) which received (1) dye alone, (2) dye +1 ml./kg. horse serum, 
(3) dye +1 mg./kg. 48/80. The three animals show no difference 
in degree of blueness. (4), (5), and (6) are similar patches 
removed from three dyed animals in shock following 1 mg./kg. 
horse serum. Tissue (4) is from an animal which underwent 
severe shock, whereas (5) is from one which had a mild reaction. 
All substances were administered intravenously. 





— a Ge Bi fee 2 fee Gee COU COU CCU CO 


~=- AS j-* QM DEE Flee lCUM.lCl lM 


RHA nS Of Hee ee ee 


=~ ~- 


RMSE ES 


Se) 


we 





RABBIT ANAPHYLAXIS AND HISTAMINE RELEASE 417 


before and 14-2 minutes after injections of horse 
serum (1 ml./kg.) or 48/80 (1 or 2 mg./kg.), and 
similarly from sensitized animals before and after 
serum. Centrifugation was immediately carried 
out and assay of the plasma histamine completed 
in about 20 minutes after withdrawal of blood. It 
was observed, as reported for rabbit serum by 
Rand and Reid (1952), that occasionally the con- 
traction of the guinea-pig ileum produced by rabbit 
plasma was not entirely due to histamine, since it 
partially persisted after the preparation was ren- 
dered insensitive to histamine by mepyramine. 
However, mepyramine resistant activity was not 
detectable in volumes of plasma containing 0.04 
pg. histamine or less. Hence the assay of small 
amounts of plasma (diluted 2 to 10 times if neces- 
sary) excluded the effect which was not due to hist- 
amine. By testing larger amounts of plasma (0.5- 
1.0 ml.) it was possible to study changes in the 
concentration of its mepyramine resistant activity. 
It is apparent, however, that rabbit plasma which 
contains several smooth muscle stimulants, and 
possibly inhibitory substances like adrenaline after 
shock, may be difficult to assay precisely for hist- 
amine. Hence the plasma histamine concentra- 
tions must be regarded as approximate. 

Horse serum or 48/80 failed to produce signi- 
ficant increases in plasma histamine concentration 
in normal animals. In previously sensitized ani- 
mals, however, horse serum produced increased 
plasma histamine concentrations in eight of nine 
experiments. The greatest increases occurred in 
two rabbits which died of shock in less than five 
minutes. The results were the same with or without 
siliconed glassware, but the high histamine values 
occasionally obtained in normal blood did not 
occur when this added precaution against “ spon- 
taneous” histamine release was taken. These 
results are shown in Table III. 


Smooth Muscle Contracting Effect of Rabbit 
Plasma not Due to Histamine-—The occasional 
action of plasma (0.5—1.0 ml.) in causing a contrac- 
tion of the guinea-pig ileum in the presence of 
mepyramine was also studied. This usually con- 
sisted of an immediate rapid contraction followed 
in about 20 seconds by a superimposed slow one 
which reached its maximum in approximately 
60 seconds. This effect is probably in part due to 
5-hydroxytryptamine, as the work of Rand and 
Reid (1952) on rabbit serum indicates. However, 
it was only partially reduced by tryptamine desensi- 
tization (Gaddum, 1953) of the guinea-pig ileum 
in the presence of mepyramine, which indicates 
that it cannot be entirely due to 5-hydroxytrypt- 
amine or similar compounds. The slow contract- 
ing component persisted after tryptamine desensi- 
tization. 

Comparison of this activity of plasma obtained 
from normal animals before and after intravenous 
injection of horse serum or 48/80 indicated that 
its concentration paralleled the variations in the 
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Fic. 4.—Effect of rabbit plasma, obtained before and during ana- 
phylactic shock, on the guinea-pig ileum treated with mepyramine. 
Contraction time, 60 seconds. Hi, 0.5ug.histamine. 1, 0.5 ml. 
plasma before shock. 2, 0.5 ml. plasma 2 minutes after injection 
of antigen. 





TABLE III 


PLASMA HISTAMINE CONCENTRATIONS (ug./ml.) IN NORMAL RABBITS BEFORE AND AFTER HORSE SERUM 
(1 ml./kg.) OR 48/80 (2 mg./kg.) AND IN SENSITIZED RABBITS BEFORE AND 1.5-2.0 MINUTES AFTER THE INTRA- 
VENOUS INJECTION OF HORSE SERUM (1 ml./kg.) 














Normal Rabbits 
48/80 Horse Serum 
Exp. Before After Exp. Before After Exp. 
No Injection | Injection No. Injection | Injection No. 
it 0-05 00s | 1 0-05 00s | 1 
2 0-04 0-05 2 0-34 0-26 2 
3 0-20 6 08 3 0 16 0 33 3 
4* 0-05 0-05 4 0-05 0-03 4 
5 0-02 0-01 5 
6* 0-13 0-17 6 
7* 0-06 0-07 7* 
g* 
- 

















Sensitized Rabbits 


Horse Serum 


| _Before After 
Injection | Injection 





Severity of Shock 
(Effect on Arterial B.P.) 





0-12 0-25 Not recorded 

0-12 0-75 99 es 

0 20 1-80 | Very severe; dead in 5 min. 

0-32 1-20 = - “9 998 

0-34 1-0 Moderate; considerable recovery in 20 min. 
0-60 0-50 o» % ” ” 

0-12 0-60 Severe; dead in 35 min. 


0-08 0-20 Severe; dead in 60 min. 
0-10 0-22 Moderate; considerable recovery in 20 min. 








* All glassware siliconed. 


t 1 mg./kg. 48/80 injected. 
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histamine concentration. In sensitized animals, 
_ however, there was regularly a reduction of this 
activity 14-2 minutes after intravenous injection of 
antigen, even when elevation of the plasma hist- 
amine concentration occurred. Fig. 4 illustrates a 
typical experiment ; it shows the reduced contrac- 
tion of the guinea-pig ileum in the presence of 
mepyramine, caused by rabbit plasma which was 
obtained during severe anaphylactic shock, when 
compared with a control sample of plasma from 
the same animal. In this experiment the plasma 
histamine concentration had risen at the same time 
from 0.34 to 1.0 yug./ml. 


DISCUSSION 


The demonstration in the present experiments 
of the release of considerable amounts of histamine 
from isolated rabbit organs during the antigen- 
antibody reaction indicates that the release of 
histamine contributes to the toxicology of the ana- 
phylactic reaction in this species. Its role in rabbit 
anaphylaxis is, therefore, qualitatively similar to 
that in the guinea-pig and dog. It is furthermore 
worth noting that the effect of the local release 
of histamine within specific organs may be more 
drastic than that due to histamine injected into the 
blood stream. For example, in the unanaesthetized 
dog the response to histamine release from skin is 
accompanied by severe cutaneous reactions, such as 
erythema, pruritus, and oedema, although no such 
effects occur when the amounts of histamine 
released by the whole animal are administered 
systemically (Paton and Schachter, 1951). Also, in 
the present experiments the intravenous injection 
of histamine in amounts up to the lethal dose failed 
to increase capillary permeability as evidenced by 
the degree of staining of tissues in the presence 
of circulating pontamine blue. However, even 
in non-lethal anaphylaxis there was a marked 
increase in blueness of the skin and gastro- 
intestinal tract. 

The decrease in histamine concentration of whole 
blood which occurs in anaphylaxis (Rose et al., 
1939, 1941), despite its release from tissues, may be 
associated with the simultaneous trapping of 
platelet thrombi in various organs which occurs in 
shock (Fidler and Waters, 1946). Since the amount 
of histamine in rabbit platelets accounts for most 
of the blood histamine in this species (see Code, 
1952), such a removal of platelets from circulating 
blood might greatly reduce the whole blood hist- 
amine concentration. Various other mechanisms, 
for example, the increased serum histaminase 
activity which occurs in anaphylactic shock (Rose 
and Leger, 1952), may also be involved. It is of 


interest in this regard that injection of less effective 
histamine liberators such as bile salt and neoars- 
phenamine produces a _ reduction in plasma 
histamine concentration in the cat (Schachter, 
1952). The significant fact is, however, that 
histamine is released from a variety of rabbit 
tissues during the antigen-antibody reaction. Also, 
in the present experiments, elevation of the plasma 
histamine concentration was demonstrated in most 
instances of severe anaphylactic reactions. 

The present experiments do not permit a precise 
assessment of the contribution of histamine to the 
lethal anaphylactic reaction, but the total amounts 
released from isolated organs by antigen indicate 
that enough may be released in the intact animal 
to produce severe or fatal reactions if it were ad- 
ministered by the intravenous route. For example, 
the average amount released from the skin of one 
ear alone was 34.6 yg. Perfusion experiments 
also demonstrated considerable release from liver 
(mean 22.4 yg.) and small but definite amounts 
from intestine. Also, substantial amounts of 
histamine are known to be released from the 
formed elements of rabbit blood in vitro, resulting 
in a mean increase of 0.8 yg./ml. plasma (calcula- 
tion based on results of Carryer and Code, 1950). 
Since the experiments with pontamine blue sup- 
port the probability that the anaphylactic reaction 
occurs in the skin generally as well as in the entire 
gastro-intestinal tract, it seems likely that in severe 
reactions the total amount of histamine released 
approaches the demonstrated lethal intravenous 
dose of histamine—viz., 300 yug./kg. 

Recent experiments have, under various condi- 
tions, demonstrated the release of smooth muscle 
stimulating substances other than histamine during 
the antigen-antibody reaction (see Introduction). 
Our experiments have failed to detect the release 
or formation of non-histamine smooth muscle 
stimulants in perfusates from perfused skin, liver, 
or intestine as tested on the guinea-pig ileum. The 
release or formation of significant amounts of such 
substances must, therefore, either require the 
presence of blood or originate therefrom. How- 
ever, the non-histamine smooth muscle contracting 
activity of rabbit plasma was regularly decreased 
at the height of shock in the intact animal even 
when elevations of plasma histamine concentrations 
occurred. Although the present results emphasize 
the importance of the release of histamine in rabbit 
anaphylaxis, it is quite possible that other released 
or formed substances contribute to the total reac- 
tion, as for*example the release of heparin in 
canine anaphylaxis (Jaques and Waters, 1941) 
accounts for the incoagulability of the blood. 
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The fact that compound 48/80 failed to release 
histamine from perfused rabbit liver, whereas 
antigen readily did so, may indicate a significant 
difference in the mechanism of histamine release 
by these two agents. It would be of interest to 
extend this comparison to the dog, where the liver 
plays such a prominent role in anaphylactic shock. 


SUMMARY 


1. In normal rabbits, horse serum failed to 
release histamine from perfused skin and intestine, 
but occasionally did so from liver. It had no 
effect on the arterial blood pressure, and failed 
to alter permeability to circulating pontamine blue 
dye or to increase the concentration of plasma 
histamine. 


2. In sensitized rabbits horse serum released con- 
siderable amounts of histamine from perfused 
organs. The greatest release was obtained from 
the skin of the isolated ear, moderate release from 
liver, and least from small intestine. Increased 
permeability to circulating dye occurred in shocked 
animals as evidenced by markedly increased blue- 
ness of the skin and gastro-intestinal tract, and 
increased plasma histamine concentrations were 
demonstrated in most instances of fatal or severe 
shock. These observations indicate that histamine 
release is a significant factor in the toxicology of 
the acute anaphylactic reaction in the rabbit. 


3. The amount of histamine released from the 
skin of the perfused ear during the antigen-anti- 
body reaction, plus the amount subsequently re- 
maining, corresponded to the total amount of 
histamine extractable from the untreated ear. It 
is concluded, therefore, that the histamine released 
during this reaction is not formed, but comes from 
a pre-existing store. 


4. Rabbit plasma occasionally exhibited a non- 
histamine smooth muscle contracting activity which 
was only partially due to 5-hydroxyiryptamine, 
since a slow contraction of the guinea-pig ileum 
persisted after tryptamine desensitization. This 
activity, when present, was reduced in samples of 
plasma taken two minutes after anaphylactic 
shock. 


5. Antigen was more effective in releasing hist- 
amine from perfused rabbit organs than the hist- 
amine releasing- substance, 48/80. This was 
particularly true for the perfused liver, where the 
injection of large amounts of 48/80 failed to 
release histamine. . 


2D 


6. Assay of perfusates from skin, liver, and 
intestine, tested on the guinea-pig ileum, failed to 
demonstrate the presence of smooth muscle stimu- 
lating substances other than histamine after 
infusion of antigen or injection of 48/80. 
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THE TRYPANOCIDAL ACTIVITY OF DITHIOBIURET 
DERIVATIVES 
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During the routine screening of various types of 
compounds for chemotherapeutic activity, trypano- 
cidal activity was noted in several dithiobiuret 
derivatives. As a consequence, a more detailed 
study of compounds of this type was carried out. 

The chemistry of the compounds mentioned in 
this paper will be reported elsewhere by Fairfull 
and Peak. 


MATERIALS AND METHODS 


Most of the compounds had a very low solubility 
in water, and only for those marked with an asterisk 
in the Tables was this greater than 1 in 500. The 
drugs were therefore used in aqueous suspension, 
with Dispersol LN as a wetting and dispersing agent. 
They were given subcutaneously to mice showing a 
moderate degree of parasitaemia following inoculation 
with diluted infected mouse blood. Many of the 
compounds were tested against several trypanosome 
species—Trypanosoma rhodesiense, T. gambiense, 
T. brucei, T. congolense, and T. cruzi—but none 
showed appreciable trypanocidal activity against any 
species other than T. congolense. In the Tables, there- 
fore, the results given are for activity against the F.N. 
strain of T. congolense only. The largest dose given 
was usually a high fraction of the acute subcutaneous 
LDS5SO, but the maximum dose used was 500 mg./kg. 
Doses were given on one occasion to one series of 
mice, and repeated daily for five days in a second 
series of animals. In general the drugs were more 
active when the same total amount was given in 
repeated doses than in a single dose. The CD50 has 
been calculated on the basis of removal of parasites 
from the peripheral blood for one month. 


RESULTS 

1-Alkyldithiobiurets, etc. (Table I).—Dithio- 
biuret itse!f, RD2491, is known to be a compound 
of fairly high toxicity. Nevertheless, repeated 
doses can cure mice infected with T. congolense. 
1-Methyl substitution (RD1658) increased acti- 
vity, while the 1-ethyl compound was less toxic 
than, and approximately as active as, unsubstituted 
dithiobiuret. However, lengthening the alkyl 
chain increased toxicity and decreased activity. 


TABLE I 


THE TRYPANOCIDAL ACTIVITY OF 
1-ALKYLDITHIOBIURETS, ETC. 


R—NH.C.NH.C.NH; 








Ss 
Refer- Acute 2 
ence R= LDS50 mg./kg. | Activity against T. congolense 
No. Subcutaneously 

RD2491 | H—* Delayed death at 100 mg./kg. 
$.c. X y CD50 ca. 40 mg./kg. 
S.c. X 

RD1658 | Methy! 140 Delayed death at 80 mg./kg. 
s.c.X1. CD50ca.20 mg./kg. 
sc.x5 

RD1659 | Ethyl ca. 1,000 CD50 ca. 300 mg./kg. s.c. x1. 
ca. 40 mg./kg. s.c. x5 

RD1668 | n-Butyl ca. 200 Delayed death at 100 mg./kg. 


s.c.X1. CD50 ca. 80 mg./ 
kg. s.c. x5 














1-Aryldithiobiurets—Many of the compounds 
listed in Table II had considerable activity when 
repeated doses were given, and the toxicity 
generally was low. The soluble compounds 
(marked with an asterisk) were usually more toxic 
than the practically insoluble derivatives, so that 
the apparent low toxicity of, for example, RD1501 
might result from poor absorption. Neverthe- 
less, even compounds of low solubility, such as 
RD1501, had quite marked trypanocidal activity. 
Of the members of the homologous series of 1-p- 
alkylphenyldithiobiurets, the methyl compound, 
RD1548, was the most potent. In the alkoxy- 
phenyl- series the para- substituted compound 


.RD1145 was more effective than the meta- or the 


ortho- analogues when five doses were given ; but, 
rather curiously, it was the least effective of the 
three when only a single dose was administered. 
The ethoxy- and n-butoxy-derivatives were less 
potent than the methoxy-compound. Of other 
p-phenyl substituents tried, only the p-chloro- 
compound had retained appreciable activity. 

None of thé naphthyl-, pyridyl-, isoquinolyl-, or 
quinolyl-derivatives tried had more than slight 
activity. 








RD2 


RD2 


RDI: 


RDI. 


RDI 


RDI: 


RDI: 


RDI: 


RDI: 


RDI¢ 


RDI¢ 


RDI¢ 
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TABLE II 


THE TRYPANOCIDAL ACTIVITY OF 
1-ARYL-DITHIOBIURETS 


R—NH.C.NH.C.NH, 
Ss 





Refer- 
ence 
No. 


Acute 
| LDSO 
R= | mg./kg. 
| Subcutan- 
eously 


Activity against 
T. congolense 





RDI1501 


RD1548 


RD2138 


RD2286 


RDI1519 


RD1549 


RD1145 


RD1524 


RD1547 


RDI1518 


RD1546 


RD1657 


RD1656 


RD1609 


RD1898 


RD2103 


RD1573 


RD1666 


RD1844 


RD1951 


RD2039 


RD2040 


RD2137 





| Phenyl | 4,500 


p-Tolyl >5,000 


p-n-Propylphenyl | > 5,000 


p-n-Butylphenyl >3,200 
o-Methoxyphenyl ca. 3,200 
m-Methoxyphenyl > 5,000 


p-Methoxyphenyl ca.500 i.p. 


p-Ethoxyphenyl >5,000 





p-n-Butoxyphenyl > 5,000 


p-Chloropheny! | 2,000 


p-Ethylsulphonylpheny] | > 5,000 


p-Carboxyphenyl ca. 1,000 
p-Carbethoxyphenyl ca. 4,000 
p-Dimethylaminopheny]| > 5,000 
p-Dimethylaminophenyl| ca. 400 
(methochloride) * 
p-Acetamidophenyl > 5,000 


8-Naphthyl 200 


a-Naphthyl >5,000 





2-Pyridyl | ca. 4,000 





3-Pyridyl | ca. 800 


3-Pyridyl . 280 
(methochloride) * 


4-Isoquinolyl > 5,000 


4-Isoquinolyl ca. 2,000 
(methochloride) * 








CDS0 ca. 150 mg./kg. 
s.c.X1; ca. 35 mg./ 
kg. s.c.x 5 

CD50 ca. 180 mg./kg. 
sc.X1; ca. 25 mg./ 
kg. s.c.x5§ 

+" death at 200 

g./kg. g.e.% 15 
CD50 ca. 70 mg./ 
kg. sc.x5 

CD50 ca. 400 mg./kg. 
s.c.X1; ca. 200 
mg./kg. sc. x5 

CD50 ca. 180 mg./kg. 
sc.X1; ca. 80 mg./ 
kg. s.c.x5 

CD50 ca. 200 mg./kg. 
s.c.X 1; ca. 50 mg./ 
kg.sc.x5 

Delayed death at 200 
mg./kg. ge. Xi 
CD50 ca. 40 mg./ 
kg.sc.x5 

Delayed death at 500 
mg /kg. s.c.X1; 
CD50 ca. 115 mg./ 
kg.sc.x5 

— death at 500 

g./kg. a6. Xi: 
CD50" ca. 150 mg./ 
kg. s.c. x 5 

CD50 ca. 150 mg./kg. 
s.c.X1; ca. 45 mg./ 
kg. s.c.x§ 

~~ death at 500 

g./kg. sc.X1; 
CD50 ca. 350 mg./ 
kg.s.c.x5§ 

Delayed death at 400 
mg./kg. sc. 1; or 
300 mg /kg. sc. x5 

Delayed death at 500 
mg./kg. sc.X1; or 
500 mg./kg. s.c.x 5 

De'ayed death at 500 
mg./kg. sc. 1; or 
500 mg./kg. sc. x5 

Inactive at 100 mg./ 
kg. sc.X1; or 100 
mg./kg. s.c. x5 

Inactive at 400 mg./ 
kg. sc.x1; CD50 
~ 250 mg./kg. s.c. 
x5 


Inactive at 100 mg./ 
kg. sc.X1; or 50 
mg./kg. s.c. 5 

Delayed Panu at 500 
mg./kg. ac. Xi; 
CD50 ca. 300 mg./ 
kg.sc.x5 

Delayed death at 400 
mg./kg. sc.X1; or 
400 mg./kg. s.c. x5 

Inactive at 400 mg./ 
kg. s.c.x 1; delayed 
death at 400 mg./ 
kg. s.c. x 5 


| Inactive at 50 mg./kg. 


s.c.X1; or 50 mg./ 
kg.sc.x5 

Delayed death at 400 
mg. /kg. s.c.X 1; or 
400 mg./kg. s.c.x5 

Inactive at 400 mg./ 
kg. s.c.X1; or 400 
mg./kg. s.c. x 5 





TABLE II (contd.) 

















Acute : 
Refer- LD50 Activity against 
ence R= mg /kg. T. congolense 
No. Subcutan- 
eously 
} 
RD2284 | 5-Quinolyl ca. 1,000 | Delayed death at 500 
mg./kg. se.x<is 
CDS50 ca. 100 mg./ 
kg. s.c. x 5 
RD!985 | 6-Quinolyl ca. 2,000 | Inactive at 500 mg./ 
kg.sc.x1; delayed 
death at 500 mg./ 
kg. s.c. x5 
RD1986 | 6-Quinolyl >5,000 Inactive at 500 mg./ 
(methochloride) * kg. s.c. x 1; delayed 
death at 250 mg./ 
kg. s.c. x 5 (toxic at 
500 mg./kg. s.c. x 5} 
TABLE III 
THE TRYPANOCIDAL ACTIVITY OF !-ARYL-1-ALKYL- 
DITHIOBIURETS 
C.H;s 
N—C—NH—C.NH), 
P i { II 
R Ss 
Refer- Acute 
ence R LDS50 mg./kg. | Activity against 7. congolense 
No. Subcutaneously 





RD1660 | Methyl ca. 1,000 CD50 ca. 200 mg./kg. s.c. x 1; 

: ca. 10 mg./kg. s.c. x 5 
RD1704 | Ethyl 1,400 CD50 ca. 90 mg./kg. s.c.*1; 
ca. 17 mg /kg. s.c.*5 
RD1823 | n-Propyl ca. 5,000 CD50 ca. 100 mg./kg. s.c.* 1; 
ca. 25 mg./kg. s.c. x5 
RD1705 | n-Butyl >4,000 CD50 ca. 150 mg./kg. s.c. x 1; 
ca. 40 mg./kg. s.c. x5 


























TABLE IV 
THE TRYPANOCIDAL ACTIVITY OF 1,5-DISUBSTITUTED- 
DITHIOBIURETS 
R1—NH.C.NH.C.NH—R2 
\| {| 
Ss 
Acute 
Refer- LDSO Activity against 
ence Rl R2 mg./kg. T. congolense 
No. Subcutan ; 
eously 
RD1706| Phenyl Ethyl ca. 5,000 | CD50 ca. 300 mg./ 
ke. s.c.X13 ca. 
7 mg./kg. 8.c. 
x 
RD1707| Phenyl n-Butyl ca. 1,800 | Delayed death at 
500 mg./kg. s.c. 
x1; CDSO ca. 
oe mg./kg. s.c. 
x 
RD1737| Phenyl Phenyl > 3,800 Inactive at 500 mg./ 
kg. s.c.X1; de- 
layed death at 
400 mg./kg. s.c. 
RD1750| Phenyl p-Methoxy- | >5,000 Delayed ——y at 
phenyl rr . "et kg. 8.c. 
DS50 ca. 
300° mg./kg. s.c. 
x5 
RD1749| p-Methoxy- | p-Methoxy- | ca. 1,500 Delayed death at 
phenyl phenyl 400 mg./kg. s.c. 
x1; CDSO ca. 
200 mg./kg. s.c. 
x5 
RD2276| Phenyl Diphenyl- | >3,200 Inactive at 500 mg./ 
methyl! kg. s.c.X1; de- 
layed death at 
500 mg./kg. s.c. 
| x5 
| 














422 GERALD 


1-Alkyl-1-aryl-dithiobiurets (Table II1).—These 
compounds appeared to show considerable 
promise, and the _ 1-methyl-1-phenyl-compound 
(RD1660) was the most effective compound of 
the whole series tested. Again, however, repeated 
doses were necessary. 

1, 5-Disubstituted-dithiobiurets—Only slight 
activity, if any, was shown by this series of com- 
pounds (Table IV). 

1 : 1 : 5-Trisubstituted-dithiobiurets—Only two 
such compounds were tested. Both had appre- 
ciable activity, but they were inferior to the 
1-alkyl-l-aryl-dithiobiurets (Table V). 

Bis(1-dithiobiurets)—In view of the activity of 
l-aryldithiobiurets it was thought interesting to try 


TABLE V 


THE TRYPANOCIDAL ACTIVITY OF 1:1:5- 
TRISUBSTITUTED-DITHIOBIURETS 





R 
™% 
N.C.NH.C.NH—C,H; 
, i 
C.Hs Ss Ss 
Refer- Acute a P 
ence R LD50 mg./kg. | Activity against T. congolense 


No. Subcutaneously 





RD2102 | Methyl ca. 5,000 CD50 ca. 250 mg./kg. s.c. 1; 
CD50 ca. 30 mg /kg. sc. <5 
RD2217 | n-Propyl > 4,000 CD50 ca. 300 mg./kg. s.c. x 1; 


CD50 ca. 70 mg./kg. s.c.x5 
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TABLE VI 
THE TRYPANOCIDAL ACTIVITY OF B/S(1-DITHIOBIURETS) 
NH2.C.NH.C.NH—R—NH.C.NH.C.NH, 
H i! {I i 








S S S Ss 
Acute 
Refer- LDS5O Activity 
ence R= mg./kg. against 
No. Subcutan | 7. congolense 
eously ‘ 
RD2285 ae = >3,200 | Inactive at 
500 mg./kg. 
sc.X1; or 
500 mg./kg 
sc.x§ 
RD2038 —< >< >— >5,000 Inactive at 
\ 400 mg./kg 
sc.X1; or 
400 mg./kg 


a sc.x§ 
RD2072 ~~| >§,000 Inactive at 
200 mg./kg. 
\=n7 sc.X1l; or 


200 mg./kg. 
g.c.x§ 














bis(1-dithiobiurets). However, none of the three 
compounds tested showed any detectable trypano- 
cidal activity (Table VI). 

Iso-dithiobiuret Derivatives (Table VII).—None 
of the compounds tested had more than a trace of 
activity. 
































TABLE VII 
THE TRYPANOCIDAL ACTIVITY OF ISO-DITHIOBIURET DERIVATIVES 
Acute 
memenane Structure LDS5O mg./kg. Activity against T. congolense 
oO. Subcutaneously 
RD1477 | p-C.HsSO,CgH;.NH—C.N =C—NH, > 5,000 Inactive at 500 mg/kg. s.c.x1; delayed 
death at 500 mg./kg. s.c.x5 
Ss .C.H; 
RD1146 p-CH,0CH,;—NEL-C.N =C—NH, 750 (i.p.) a er at - mg./kg. s.c.x 1; or 250 mg./ 
» se. 
S S.C H; ’ 
RD2109 C3H7(n) ca. 2,000 Rageties at _ mg /kg. s.c.X 1; or 200 mg.| 
g. s.c. Xx 
C,H;NH C.N=C—N 
\ 
CeHs 
.C:-Hs 
RD2153 ee ingetive at aoe mg./kg. s.c.X1; or 500 mg_/ 
. 8.c. X 
S.C;Hs S | . 
RD1249 p-CH;0—C,H;—NH.C.NH.C=N.N=CH.C.H; | ca. 2,000 | ange at 500 mg./kg. s.c.x1; or 500 mg./ 
g.s.c.x5 
RD1353 C:H;NH.C.NH.C=N.N=CH.C,H,.p.0.CH3 | ca. 1,500 | Inactive at 500 mg./kg. s.c.x1; delayed 
| { death at 500 mg./kg. sc.x5 
RD1248 p-CH30.CoHy.N=C—NH.C=NH, HI | >800 | Inactive at 300 mg/kg. s.¢.%1; oF 300 my 
° .£e.x5 
S.CoHs5 | . 
$.C:Hs | 
| 
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DITHIOBIURETS AS TRYPANOCIDES 


DISCUSSION 


From the results obtained it is clear that com- 
pounds of the dithiobiuret type may possess con- 
siderable activity against Trypanosoma congolense 
infections in mice, and that even dithiobiuret itself 
can cure the infection when five daily doses are 
given. This need for repeated doses has been 
noted with practically all the compounds tested, 
and is rather unexpected. It might be assumed 
that, if a single massive dose of a compound of low 
solubility were given subcutaneously, there would 
be slow absorption and a maintained blood level of 
the drug. This, apparently, is not so in the dithio- 
biuret series, and it might be interesting to specu- 
late on the fate of single large doses. In none 
of the mice killed and examined was there enough 
encapsulation fully to explain the results, though in 
some mice residual masses of the drug could be 
found several days after administration. Most of 
the compounds had low acute toxicity by the sub- 
cutaneous route, and several had a high ratio be- 
tween acute LDSO and CD50 (five doses); thus 
RD1660 (Table III) had LDSO approximately 
1,000 mg./kg., whereas the CDSO was of the order 
of 10 mg./kg. given on five successive days. The 
corresponding figures for RD1823 (Table III) are 
5,000 and 25. Such figures compare favourably 
with all but the most potent of drugs used 
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against 7. congolense. The need for repeated 
dosing is, however, an obstacle which might 
handicap field use of these compounds in cattle. 
The unavoidable inaccuracies in dosing with 
suspensions of insoluble drugs would also militate 
against their use. Nevertheless, it is hoped that 
some of the more active compounds described will 
be given a field trial in T. congolense infections. 


SUMMARY 


1. Dithiobiuret and several derivatives have been 
shown to possess activity against T. congolense 
when given subcutaneously to infected mice. 


2. 1-Alkyl-l-aryl dithiobiurets were the most 
potent derivatives tested. 


3. Repeated doses appeared to be necessary for 
the full therapeutic effect to be shown. 


4. The ratio between acute LDS5O and CD50 was 
high for many of the compounds. 


5. Because of the need for repeated doses it is 
concluded that field use of the compounds might 
be difficult. 


I am grateful to Mrs. B. Goodliffe and to Miss H. 
Riley for much technical assistance, and to Drs. A. E. 
Fairfull and D. A. Peak, who supplied the compounds 
tested. 
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THE MODE OF ACTION 


OF PROGUANIL AND RELATED 


ANTIMALARIAL DRUGS 


BY 
J. F. RYLEY 


From Imperial Chemical Industries Limited, Biological Laboratories, Morley, Wilmslow, Cheshire 


(RECEIVED JUNE 18, 1953) 


During recent years considerable interest has 
been aroused by the ability of a number of sub- 
stances to antagonize pteroylglutamic acid in both 
microbial and mammalian systems. Discussing 
the antagonistic effects of substituted 2 : 4-diamino- 
pyrimidines, Falco, Hitchings, Russell, and 
VanderWerff (1949) pointed out that these sub- 
stances showed a formal resemblance to proguanil 
(“ Paludrine”), and might therefore be expected 
to have antimalarial activity also. They suggested, 
too, that by virtue of this similarity proguanil 
should display pterolyglutamic acid antagonism in 
their bacterial cultures. Development of the idea 
that 2:4-diaminopyrimidines might possess anti- 
malarial activity led to the synthesis of 
pyrimethamine (2: 4-diamino-5-p-chlorophenyl-6- 
ethylpyrimidine ; “ Daraprim”), one of the most 
active compounds of the series, as an antimalarial 
drug. 


Soon after the introduction of proguanil as an 
antimalarial, Hawking (1947) and Hawking and 
Perry (1948) produced evidence to suggest that the 
drug itself did not possess antimalarial activity, 
but that it was metabolized in the body to an active 
compound. One such active metabolite was 
isolated from the urine of proguanil-treated 
rabbits by Carrington, Crowther, Davey, Levi, and 
Rose (1951), and shown to be 2:4-diamino-1-p- 
chlorophenyl-1 : 6-dihydro-6 : 6-dimethyl-1 : 3 : 5- 
triazine, which bears a marked structural resem- 
blance to pyrimethamine (see formulae). 


The present study was undertaken to obtain 
further information on the bearing of the meta- 
bolite on the antimalarial action of proguanil, and 
on the correlation, if any, between antimalarial 
activity and interference by substances active in the 
pteroylglutamic acid system. Other drugs, related 
to proguanil and its metabolite, have been used to 
obtain additional information. The structural 
formulae of the substances are given on the next 


page. 


METHODS 


L. casei was cultivated in a medium containing a 
charcoal-treated tryptic digest of casein, supplemented 
with inorganic salts, glucose, and growth factors; 1 1. 
of the final growth medium contained the equivalent 
of 25 g. casein, MgSO..7H2O 800 mg., MnSO..4H2O 
160 mg., FeSO4.(NHs)pSO.4.6H20 56 mg., glucose 10 g., 
L-cysteine 100 mg., adenine 7 mg., guanine 2 mg., 
thiamin, nicotinic acid, Ca pantothenate and pyrid- 
oxin 1 mg. each, riboflavine 0.4 mg., and biotin 1 sg. 
The medium was prepared in a concentrated form, 
and distributed in 3.5-ml. amounts in 5 Xx #-in. tubes 
plugged with absorbent cotton-wool covered with 
surgical gauze. 0.5 ml. pteroylglutamic acid (PtG) 
was added to each tube to give 10}- (i.e., 3.16-) fold 
final dilutions over the range 10°° to 10°’ M (ie., 
4.4 to 0.0000044 »g./ml.). The tubes were autoclaved 
for 10 min. at 10 lb./sq. in., cooled, and 0.5 ml. drug 
solution, sterilized by Seitz filtration, was added. The 
tubes were inoculated with 0.5 ml. of a dilute suspen- 
sion of bacteria and incubated in an atmosphere of 
5% COr-95% Ne (v/v) for 40 hours at 37°C. Growth 
was measured using the Hilger Spekker absorptio- 
meter and a 0.5 cm. cell. Curves were plotted corre- 
lating the growth obtained with logio (PtG concentra- 
tion) in the absence and in the presence of variable 
quantities of drug. Two tubes were used for each 
concentration of PtG, so that each growth curve was 
based on 28 tubes. Curves were plotted representing 
growth in the presence of different fixed concentra- 
tions of drug; the drugs were used in 10}-fold dilu- 
tions, five different concentrations being examined 
with one control in any particular experiment. 

A normal strain of Plasmodium gallinaceum was 
used, and also a strain made resistant to 2 mg. pro- 
guanil (all doses are expressed as mg. drug given 
orally b.id. x 34 to a 50-g. chick). This resistant 
strain had been passaged in the presence of proguanil 
over a period of 104 months. The sensitivity of these 
two strains to the various drugs under test was deter- 
mined by the standard therapeutic test of Davey 
(1946) ; the minimum effective dose (MED) was taken 
to be the lowest dose which would reduce the parasite 
count below 10 per 500 erythrocytes (count in un- 
treated controls 300-400 parasites per 500 erythro- 
cytes). 
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f * 
CH, CH; 
Proguanil 


| | 


:™é. 
CH; CH; 
10,580 (Carrington ef al., 1951) 
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a. * 
CH; CH; 
5943 (Curd, Davey, Hendry, and Rose, 1950) 


NH, N NH; 
A 
id 
ag SN N 
Cl we 
.™ 
CH, CH; 
10,732 (Carrington eft a/., 1951) 


NH, jy NH; 
Vw 
‘of 
a ae 


bu, 


Pyrimethamine (Falco, Goodwin, Hitchings, 
Rollo, and Russell, 1951) 


Previous studies of the effects of antimalarial drugs 
on the erythrocytic stages of malaria parasites in 
vitro have been done using the rocker-dilution tech- 
nique of Geiman, Anfinsen, McKee, Ormsbee, and 
Ball (1946) or a modified Bass and Johns method 
(e.g., Hawking, 1947). In the present work it was 
found convenient to use a method developed by my 


colleague, Dr. D. G. Davey. The method has not 
been described before and it is therefore given here 
in detail. The culture tubes, modified from a design 
due to Lindbergh (Parker, 1938), are illustrated dia- 
grammatically in Fig. 1. The tubes were filled with 


a? 







Culture 
——=— fluid 
level 


Fic. 1.—Culture tube for malaria parasites. x 4. 


erythrocytic culture to the level indicated in the figure 
(with the particular tubes in use, this required 4 ml. 
of culture). By blowing a stream of gas mixture 
down the inlet tube, small slugs of culture were car- 
ried up the gas lift A. In this way the culture was 
kept continually mixed, and in equilibrium with the 
gas phase. During aeration the serum in the culture 
medium caused a certain amount of frothing; this 
froth was broken down in the bulbs B. For culture 
experiments, 12 of the tubes were connected in series 
with rubber tubing. The whole assembly was sterilized 
by autoclaving, and culture components were intro- 
duced by means of sterile syringes through the rubber 
connecting tubes (sterilized locally by means of 70% 
ethanol). The gas mixture of 5% CO2-95% air (v/v) 
was Sterilized by passage through a long column of 
cotton-wool, and was saturated with water vapour by 
bubbling through two wash-bottles of water. Cultures 
were incubated at 38° C. for 24 or 40 hours. 

The cultures contained approximately 1.2 x 10° 
erythrocytes per ml., suspended in a liquid phase con- 
sisting of equal parts of chicken serum and a solu- 
tion containing 0.111M NaCl, 0.005mM KCl, 0.002 m 
MgCle, 0.020 mM NaHCOs, 0.002 Mm phosphate buffer 
(pH 7.4), and 0.020™m glucose, which, when used in 
conjunction with a gas phase containing 5% COs, 
had a pH of 7.4. Blood was removed under aseptic 
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‘conditions from infected chickens, and was diluted 
with clean blood to give a parasitaemia of approxi- 
mately 30% ; heparin was used as anticoagulant. This 
infected blood (1 vol.) was added to a mixture of 
sterile chicken serum and Ringer-glucose-bicarbonate 
solution (6 vol.), and 3.0 ml. of the resulting mixture 
was introduced into each culture tube. 1 ml. of 
Ringer-glucose-bicarbonate solution containing any 
drugs or growth factors to be studied was then added 
to each culture. All drug solutions and sera were 
sterilized by Seitz filtration, and the sterility of the 
cultures was checked by inoculation of a blood plate. 
It was found unnecessary to add antibiotics to the 
cultures to ensure sterility, as has been done by some 
previous workers. 

0.2 ml. of culture was inoculated into 2 or 3 clean 
chickens (50 g.) before and after incubation, and blood 
smears taken from these chickens at 24-hr. intervals 
were examined for the presence of parasites. The 
infection was regarded as patent when at least three 
parasites were found in 100 oil-immersion microscope 
fields examined, and the course of infection was then 
followed for 3 or 4 days. By comparing this course 
of infection with that in the controls—provided by 
material from the cultures before in vitro incubation, 
or from cultures incubated in the absence of drug— 
it was possible to make an estimate of the prepatent- 
period delay, and hence of the survival of the para- 
sites following incubation in vitro and after incubation 
in the presence of drug. It was found that an increase 
in prepatent period of 1.2 days (range 1.1 to 1.6 days 
in 7 experiments) corresponded to a mortality (or 
reduction in inoculum) of 90%, and an increase in 
prepatent period of 2.4 days (range 2.1 to 3.0 days in 
7 experiments) to a 99% mortality. Taylor, Green- 
berg, Josephson, and Ray (1951) found a prepatent- 
period increase of 1.3 days corresponded to a mor- 
tality of 90%. The cultures at the end of the experi- 
ments were gently centrifuged, and smears made from 
the deposit were stained with Giemsa and examined. 


RESULTS 


The Effect of Proguanil and Related Substances on 
the Growth-Promoting Properties of Pteroyl- 
glutamic Acid for Lactobacillus casei 


L. casei grown in the standard PtG assay 
medium gave half-maximum growth with 2.25 x 
10°°° mM PtG, while maximum growth was 
obtained with approximately ten times this con- 
centration of PtG. In the presence of drug con- 
centrations of the order of 10 m or greater, no 
bacterial growth took place, no matter how much 
PtG was added ; in the presence of low drug con- 
centrations (about 10°° mM), no inhibition of bac- 
terial growth was observed. With the compounds 
10,580, 10,732, and pyrimethamine it was found 
that intermediate concentrations of drug produced 
an inhibition of bacterial growth which could be 


completely reversed by the addition of suitable 
amounts of PtG. Curves representing bacterial 
growth in the presence of a fixed concentration of 
drug were similar in shape and parallel to the 
control curve, being displaced towards higher 
PtG concentrations. This competitive inhibition 
was usually observed over approximately a hun- 
dredfold range of drug concentration. Drug 
activity was expressed in terms of the inhibition 
index, which represents the ratio of concentrations 
of drug and growth factor at which their effects 
are just counterbalanced (based on a 50% reduc- 
tion of growth). In contrast to the results obtained 
with pyrimethamine and the two triazines it was 
found that proguanil and 5943 exerted an “all or 
none” effect on bacterial growth; in no experi- 
ment was it observed that either of these com- 
pounds produced a toxicity which was in any way 
reversible by added PtG. The results of these 
experiments are summarized in Table I. 


TABLE I 
PtG AND THYMINE ANTAGONISM WITH LACTOBACILLUS 
CASEI 
































Inhibition 
Drug Concentrations (M) Showing Index* 
Drug 
Full Competitive | Complete PtG Thy- 
Growth Inhibition Inhibition mine 
Proguanil 3-16 10-4 = 10-3 — — 
10,580 .. | 3:16x10-7| 10-6 to 10-4 10-3 6,500 | 2-0 
5943 .. | 3:16 10-5 — 10-4 — — 
10,732 .. | 3:16x10-7 10-6 to 3-16 10-4 |6,500| 0-9 
3-16 x 10-5 
Pyrimeth- 10-7 3-16 x 10-7 to 10-4 1,800 | 0-1 
amine 3°16 x 10-5 
” Concentration of drug 





Concentration of growth factor 


Thymine Antagonism with Lactobacillus casei 


L. casei is able to grow to a limited extent in 
the presence of thymine and adenine, but in the 
absence of PtG. Growth curves were obtained for 
bacteria cultivated in the presence of 10° M 
guanine, 5x 10°° M adenine, and thymine in 10!- 
fold dilutions over the range 3.16 x 10° to 3.16 x 
10° mM. It was found that half-maximum growth 
was obtained with about 10* m thymine, and 
maximum growth with about ten times this con- 
centration ; in the presence of thymine, maximum 
growth was about half that obtained in the 
presence of optimal amounts of PtG. In the 
thymine systems, competitive inhibition or irre- 
versible toxicity was observed at the same drug 
concentrations found effective in the PtG systems. 
Inhibition indices were calculated as before; the 
approximate values are given in Table I. As in the 
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PtG systems, proguanil and 5943 were found to be 
either non-toxic or to produce a toxicity not 
reversed by the addition of more growth factor ; 
there was again no evidence of competitive inhibi- 
tion with these two drugs. 


The Effect of Proguanil and Related Compounds 
on Plasmodium gallinaceum 

Drug Sensitivity in vivo.— When assayed against 
the normal strain of P. gallinaceum in vivo the 
metabolite 10,580 was found to have ten times the 
activity, while 10,732 showed a hundred times the 
activity of proguanil; 5943 showed five times the 
activity, and pyrimethamine fifty times the activity 
of proguanil. With the resistant strain, however, 
fully effective doses were not tolerated by chicks. 
Thus, 10,732 gave an MED of 3 mg., while 5943 
and 10,580 showed slight activity over the ranges 
2-4 mg. and 5-7 mg. respectively. With the maxi- 
mum tolerated doses (over the 5-day period of the 
test), proguanil at 3 mg. and pyrimethamine at 2.5 
mg. were completely inactive. These results are 
summarized in Table II. 


TABLE II 


IN VIVO DRUG SENSITIVITY OF P. GALLINACEUM 


(Figures represent the MED for proguanil, 5943, 10,580, and 10,732 
as the hydrochlorides, or pyrimethamine as the free base) 





Normal Strain Resistant Strain 





Proguanil 0-25 “9 
10,580... 0-025 >T 
§943 0-05 >4 
10,732 Ke 0-0025 3 
Pyrimethamine .. 0-005 >2°5 








Morphological Effects Produced by Proguanil 
in vivo.—A number of 6-day-old chicks were 
inoculated with 50,000,000 parasites, and blood 
smears taken twice a day. When the parasitaemia 
reached a level of about 6% twice-daily dosing 
with 1 mg. proguanil was started. Initially, para- 
sites were observed in all stages of development ; 
the chromatin stained bright pink, and the pigment 
granules were clustered together. Within 64 hours 
of the first dose of drug it was observed that, 
although young parasites were still normal in 
appearance, the chromatin of the larger forms was 
no longer in discrete particles and no mature 
parasites were seef. Twenty-two and a half hours 
after drug treatment had been started, all the para- 
sites were of a large form, with indistinct, pale, and 
undivided chromatin; pigment granules were 
scattered throughout the parasites. At 30 hours 
the appearance of the parasites was much the 
same, and vacuolation of the cytoplasm was 
becoming apparent. At 464 hours the parasites 
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were found to be much _ vacuolated, with 
an irregular outline, and were degenerating. In 
the presence of drug, the degree of parasitaemia 
declined but little during the period of observation, 
while in the untreated birds the parasites multiplied 
normally and continued to show all stages of 
development with brightly staining chromatin. 

In a similar experiment in which the chickens 
were treated with 4 mg. mepacrine it was found 
that the parasites reacted to the drug somewhat 
more quickly, and little evidence of parasitaemia 
was found 30 hours after the first dose of drug. 
In contrast to the effects produced by proguanil, 
mepacrine caused a shrinkage and vacuolation of 
the cytoplasm, followed by a contraction and frag- 
mentation of the parasite to give a number of 
dark-staining masses of irregular shape. 


Antimalarial Activity in vitro—When main- 
tained in vitro under the condition described above 
some parasites were able to survive for at least 
40 hours. Observations on the increase in pre- 
patent period showed that during 24 hours’ incu- 
bation there was a loss in culture viability of about 
60%, while for a 40-hour period of incubation 
the loss in viability was about 90%. Culture sur- 
vival was, however, variable from experiment to 
experiment; with 24-hour cultures mortality 
varied from 0 to 90%, and with 40-hour cultures 
from 50 to 99.9%. Although the cultures showed 
a decrease in the number of viable parasites as 
incubation proceeded, it was nevertheless observed, 
from examination of stained films, that most of 
the parasites continued to develop in vitro. It 
appeared that parasites were able to grow and 
develop, in many cases to maturity, but on libera- 
tion from the mature schizonts the merozoites 
were usually unable to invade fresh red cells. Thus 
from this cause alone there would be a steady loss 
in viability of the “ cultures.” 

Although the parasites in culture were clearly 
not under optimal conditions, the antimalarial 
effects of a number of substances could neverthe- 
less be observed in vitro. In the presence of an 
active compound the mortality might be consider- 
ably increased and, moreover, the treated para- 
sites often showed morphological differences 
from the control. Thus 0.5 mg./l. of mepacrine 
or chloroquine, or 20 mg./I. of pamaquin, were 
able to increase the prepatent period, compared 
with the control, by 1.2 days or more, showing 
that there had been at least a 90% mortality among 
the parasites which would have survived in the 
absence of drug. Furthermore, examination of 
stained preparations showed that the drugs had 
produced changes in the parasites similar to those 
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‘observed in vivo; the parasites were shrunken, 
dark-staining, and degenerate in appearance. 

Proguanil and related compounds also showed 
antimalarial activity in vitro; morphological 
changes in the parasites were similar to those pro- 
duced in vivo, and viability was usually reduced— 
though at higher drug concentrations than those 
necessary to produce morphological changes. 
These effects were noticeable in 24-hour cultures, 
and usually became more pronounced with further 
incubation. Proguanil, at concentrations of 5 
mg./1. or more, reduced parasite viability by 90% 
compared with the control, and at concentrations 
down to 1 mg./1. usually caused the production of 
significant numbers of “inhibited” parasites, 
having pale, diffuse, and undivided chromatin. 
Differential parasite counts showed that the num- 
ber of parasites with divided chromatin was very 
much smaller than that in the controls. The meta- 
bolite of proguanil, 10,580, was able to produce 
significant numbers of “inhibited” parasites in 
concentrations as low as 0.01 mg./I.; the lethal 
effects of this compound were rather variable. 

5943 was found to be a little more active than 
proguanil, producing morphological changes in 
concentrations down to about 0.5 mg./Il., and 
lethal effects down to about 5 mg./l. The meta- 
bolite 10,732 was the most active compound 
examined ; lethal effects were apparent at a con- 
centration of 0.01 mg./I., and inhibited parasites 
were produced by concentrations of 0.001 mg./I., 
and on occasions by even less than this. Pyri- 
methamine suppressed chromatin division, and led 
to the production of medium-sized forms with pale 
and diffuse chromatin in concentrations as low as 
0.005 mg./1.; the lethal effect of this compound 
was rather variable, but concentrations of 0.5 
mg./1. usually were sufficient to give a 90% in- 
crease in mortality. 

With these low drug concentrations there was a 
suppression of chromatin division, although the 
parasites continue to increase in size, and a vari- 
able but significant number of large parasites with 
undivided, pale, and diffuse chromatin were pro- 
duced. With high drug concentrations, of the 
order of 100 mg./I., the effect was of a different 
type, the parasites becoming shrunken, dark- 
staining, and degenerate, in a similar manner to 
those treated with mepacrine. 

Attempts were made to prevent the in vitro 
antimalarial effects of proguanil and 10,732 by the 
addition to the cultures of pteroylglutamic acid and 
a number of other compounds. Proguanil was 
used at a concentration of 5 mg./I., and 10,732 
at 0.013 mg./l. (4x10-° mM), concentrations 


which, on most occasions, produced typical effects 
on both morphology and viability. Pteroyl- 
glutamic acid (10-*, 10° or 10° mM), Leuconostoc 
citrovorum factor (10° or 10°° mM), adenosine (10 
or 50 mg./1.), or a mixture of adenine (15 mg./1.), 
guanine (15 mg./1.), and thymine (10 mg./1.), were 
added to cultures in the presence of drug, but on 
no occasion was there any antagonism of anti- 
malarial action due to the presence of these sub- 
stances. 

To give support to the contention that the drug 
effects observed in vitro were not artefacts, similar 
experiments were carried out using the resistant 
strain of the parasite. Proguanil and 5943 caused 
a shrinkage and degeneration of the parasite rather 
than the production of inhibited forms, while 
10,580, 10,732, and pyrimethamine had little effect 
on morphology, except perhaps to cause a slight 
scattering of the pigment granules. Concentrations 
of drug up to 100 mg./I. were tested, and it was 
found that Jethal effects were only produced at con- 
centrations higher than those necessary with the 
normal strain. Thus proguanil was active at 10 
mg./I., or more, and 5943 at 25 mg./1. 10,580 
showed no lethal effect at 100 mg./1. in 24 hours, 
but was effective at 10 mg./1. after 40 hours’ incu- 
bation. 10,732 was active at 10 mg./l. after 24 
hours, or 1 mg./I. after 40 hours, while pyrimeth- 
amine showed corresponding activities at 30 mg. 
and 2.5 mg./I. 


DISCUSSION 


It is now generally believed that pteroylglutamic 
acid is used by many living cells in the elaboration 
of a substance catalytically active in the synthesis 
of a number of purines, pyrimidines, and amino- 
acids. Using Lactobacillus casei, Hitchings, 
Falco, VanderWerff, Russell, and Elion (1952) 
studied the ability of a series of 2:4-diamino- 
pyrimidines to antagonize PtG in the growth of 
this organism. They noted that one of the most 
active compounds of the series was pyrimethamine, 
which had an inhibition index of 2,300. The 
present work confirms the antagonistic action of 
this compound (inhibition index found 1,800), and 
shows that the triazines 10,580 and 10,732, which 
are similar in structure to pyrimethamine, are also 
active antagonists. When Falco ef al. (1949) 
originally suggested a connection between anti- 
malarial activity and the ability to antagonize 
PtG, they suggested that proguanil ought to show 
this antagonistic activity. Indeed, they demon- 
strated antagonism by PtG and also by purines. 
Although their curves show some reversal of drug 
toxicity against L. casei at certain proguanil con- 
centrations, they do not demonstrate competitive 
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inhibition of the kind associated with pyrimeth- 
amine and the triazines. We have been unable to 
confirm the antagonistic action of proguanil, or of 
the dichloro analogue 5943; these compounds 
either produced a toxic action on the bacteria 
which could not be reversed by PtG, or had no 
toxic effect at all. 


With the 2:4-diaminopyrimidines or diamino- 
triazines, one molecule of PtG is able to reverse 
the toxic action of several thousand molecules of 
drug. The present study shows that there is a 
more nearly equimolecular relationship between 
these compounds and thymine, and it seems likely 
that the drugs produce their antimalarial effect, 
not by antagonizing PtG but rather by interfering 
with reactions involving thymine or its derivatives. 
This being so, PtG would exert an antagonistic 
action, not by competing directly with the drug, 
but by acting catalytically in the synthesis of in- 
creased amounts of thymine. 


Proguanil, the triazines, and diaminopyrimidines 
are all rather slow in producing a therapeutic 
response in cases of malaria, and can readily give 
rise to resistant strains of parasites. This seems to 
suggest that they exert their effects on the anabolic 
rather than on the catabolic systems of the para- 
sites, and that growth of the parasite in the 
presence of drug is necessary for activity to be 
revealed. The activity of this group of drugs 
seems to involve an inhibition of nuclear growth 
and division. Black (1946) found that P. falci- 
parum, maintained in vitro in the presence of 
serum from patients treated with proguanil, con- 
tinued to develop to the early schizont stage, but 
that development then ceased, the chromatin failed 
to divide, and the parasites slowly degenerated. 
Thurston (1951) observed that the development of 
P. berghei, in vivo, in the presence of proguanil, 
was unaffected up to the schizont stage, but that 
normal nuclear division did not take place. 
Similarly McFadzean (1951) observed that schizo- 
gony of P. cynomolgi was inhibited in the presence 
of proguanil, abnormal forms containing elongate 
chromatin fragments being produced. The present 
study suggests that, with P. gallinaceum, proguanil, 
or its active metabolite, is able to inhibit the syn- 
thesis of nuclear material ; both the parasites and 
their nuclei seem to increase in size in the presence 
of drug, but, as chromatin synthesis is inhibited, 
the nucleus fails to divide, and its staining power 
is decreased. 


It is strange that Taylor, Josephson, Greenberg 
and Coatney (1952) were unable to find activity 
with proguanil in concentrations below 50 mg./I., 
or pyrimethamine at 100 mg./l. However, the 
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effective drug concentrations in their experiments 
probably differed from ours, since their cultures 
contained whole blood rather than serum-Ringer- 
glucose-bicarbonate. In the present work pro- 
guanil showed detectable activity in concentrations 
as low as 1 mg./I., and pyrimethamine had some- 
thing like 200 times this activity. These in 
vitro drug effects were of the same type, although 
not necessarily as pronounced as those observed 
in vivo; the difference in degree is probably 
accounted for by the parasites in culture being 
under conditions far less favourable to growth 
than those found in the host. The cultures showed 
about the same degree of survival found by 
Taylor et al. (1951) using the rocker-dilution tech- 
nique, but our cultures contained rather more 
trophozoites and fewer schizonts than theirs. 
In vitro, the five compounds showed relative acti- 
vities in the same order as that observed in vivo, 
but the differences in activity were greater ; thus 
10,732 showed 100 times the activity of 
proguanil in vivo, and 1,000 times the activity 
in vitro. This is doubtless due to the fact 
that the drugs act as such in vitro, whereas in 
vivo they are subject to metabolic changes by the 
host. It is significant that proguanil itself in vitro 
has quite a marked antimalarial action ; the con- 
centrations necessary to produce this effect, how- 
ever, are about ten times greater than concen- 
trations likely to be encountered in vivo. 
Although drug toxicity in bacterial systems can 
be overcome by PtG or thymine, no such reversal 
was observed in the cultures of malaria parasites. 
The parasites are possibly unable to use PtG as 
such, but require a “higher form” of folic acid, 
and, rather than utilize free purines or pyrimidines 
in the synthesis of nucleic acids, prefer to utilize 
the corresponding nucleosides or nucleotides. Pre- 
liminary estimations suggest that both normal and 
parasitized cells contain the same amount of 
deoxyribonucleic acid phosphorus; this would 
seem to indicate that the parasites synthesize their 
chromatin at the expense of that of the host cell. 
It is possible that the utilization of the chromatin 
of the host cell does not involve a complete break- 
down to purines, pyrimidines, phosphate, and 
deoxyribose, in which case free nitrogenous bases 
would not be expected to antagonize drug activity. 
Madinaveitia and Raventéds (1949) made the 
interesting but inexplicable observation that the 
block in the auriculo-ventricular contraction of 
the guinea-pig heart produced by adenosine was 
antagonized by most antimalarials tested with the 
exception of proguanil; adenosine, however, 
showed no antagonistic effect towards any of the 
drugs tested in our malaria parasite cultures. 
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SUMMARY 


1. The metabolite of proguanil, 2: 4-diamino-1- 
p-chlorophenyl-1 : 6-dihydro-6 : 6-dimethyl-1 : 3 : 
5-triazine (f0,580), the corresponding dichloro 
analogue (10,732) and pyrimethamine, are antag- 
onists of pteroylglutamic acid and thymine in the 
growth of Lactobacillus casei ; no such antagonism 
is caused by proguanil itself or its dichloro 
analogue (5943). 


2. Proguanil in vivo causes morphological 
changes in Plasmodium gallinaceum which suggest 
an inhibition of chromatin synthesis and nuclear 
division. 

3. When proguanil (1 mg./1.), 5943 (0.5 mg./1.), 
10,580 (0.01 mg./I1.), 10,732 (0.001 mg./I.), or 
pyrimethamine (0.005 mg./1.) are incubated with 
erythrocytic cultures of P. gallinaceum in vitro, 
they cause morphological changes of the same type 
as those produced by these drugs in vivo. Drug 
concentrations about ten times as great are able in 
vitro to reduce culture viability by 90%. 


4. A strain of P. gallinaceum made resistant to 
the maximum doses of proguanil tolerated by 
chickens showed resistance in vitro to proguanil, 
5943, 10,580, 10,732, and pyrimethamine; drug 
concentrations effective against the resistant strain 
in vitro did not produce morphological effects that 
would suggest an interference with chromatin 
synthesis. 


5. The antimalarial effects of these drugs in 
vitro are not antagonized by pteroylglutamic acid, 
thymine, or a number of other substances. 


I should like to thank Dr. D. G. Davey for much 
helpful advice and discussion during the course of 
this work, Drs. D. D. Woods and J. Lascelles for 
instruction in the methods of folic-acid assay, and 
Miss Margaret Mitchell for technical assistance. 

Pyrimethamine was kindly supplied by Dr. J. W. 
Trevan, F.R.S., of the Wellcome Research Labora- 
tories. 
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It has been shown that in Schistosoma mansoni 
glycolysis proceeds at an exceedingly rapid rate 
(Bueding, 1950) and that this process is more 
critical for the survival of the parasite than is 
respiration (Bueding and Peters, 1951; Bueding, 
Peters, Koletsky, and Moore, 1953). Although 
glycolytic enzymes might catalyse the same 
reactions in the host as those in the parasite their 
nature might be different. Such differences would 
be of importance for the development of chemo- 
therapeutic agents. They would afford oppor- 
tunities to select specific inhibitors against enzymes 
of the parasite which would be without effect on 
those of the host. In an attempt to investigate 
such a possibility the kinetics of lactic dehydro- 
genase of Schistosoma mansoni were compared 
with those of lactic dehydrogenase of rabbit 
muscle. 


METHODS 


Adult worms were dissected from the mesenteric 
and portal veins of mice six to eight weeks after these 
animals had been infected with cercariae of Schisto- 
soma mansoni. All subsequent operations were car- 


ried out at temperatures varying between 0 and 2° C. 


The worms were cut with fine scissors in distilled 
water (1 ml. of water was used per 100 pairs of 
worms). The process of cutting required two minutes. 
The suspension containing the worm fragments was 
stirred for five minutes in a beaker surrounded with 
cracked ice. This extract was then centrifuged for 
five minutes at 4,000 r.p.m., and 0.1 ml. of phosphate 
gel (dry weight per ml.: 1.4 mg.) was added per ml. 
of supernatant fluid. After stirring, this mixture was 
centrifuged for 10 minutes at 4,000 r.p.m. Most of 
the enzymatic activity was then absorbed by the use 
of 0.1 ml. of calcium phosphate gel (dry weight per 
ml.: 14 mg.) per ml. of solution. After centrifuging 
for 10 minutes at 4,000 r.p.m. the residue was washed 
with 0.01 M glycylglycine buffer (pH 7.5). Elution of 
the enzyme was carried out with a volume of solution 


containing glycylglycine buffer (0.5 mM; pH 7.5) and 
potassium chloride (0.5 M) equivalent to one-half of 
the original extract. Sucrose was added to this eluate 
(final concentration: 32%) because this ensured the 
stability of the enzyme when stored in the frozen 
state. In a number of experiments a homogenate 
was used. This was prepared by homogenizing the 
worms in glycylglycine buffer (0.01 mM ; pH_ 7.5). After 
centrifugation for 10 minutes at 4,000 r.p.m. sucrose 
(final concentration: 32%) was added to the super- 
natant fluid which was used as the source of the 
enzyme. 

The mammalian enzyme was prepared by the 
method of Kornberg and Pricer (1951). Reduced 
diphosphopyridine nucleotide (DPNH2)f was prepared 
according to Gutcho and Stewart (1948), and obtained 
as a dry powder according to Ohlmeyer (1938). Enzy- 
Matic activity was measured by a spectrophotometric 
procedure described by Kornberg and Pricer (1951). 
This method is based on the change in the optical 
density at a wavelength of 340 my» as a result of the 
oxidation or reduction of diphosphopyridine nucleo- 
tide (DPN)t during the following reaction: 


Pyruvate + DPNH:2 = lactate+ DPN 


All measurements were made in a Beckman spectro- 
photometer in an air-conditioned room at 26°C. 
Under optimal conditions the activity of the enzyme 
was proportional to its concentration. The latter was 
adjusted so that under optimal conditions 0.013 to 
0.016 »m of DPN was reduced or oxidized in one 
minute. The total volume of the reaction mixture 
was 1 ml. Reduction of DPN was recorded over a 
period of two minutes, and oxidation of DPN for 
one minute. When tested under optimal conditions, 
the specific lactic dehydrogenase activity of homo- 
genates of schistosomes was two to three times lower 
than that of alkaline extracts of rabbit or rat muscle. 

Lithium-/(+)lactate was prepared as follows: A 
commercial preparation of zinc-/(+)lactate (City 
Chemical Corporation) was dissolved in distilled water 
(16 ml. per g. of salt). The solution was run through 
a cation exchange resin (Dowex 50). The eluate, 
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+In this paper the following abbreviations are used: DPN— 
oxidized dipho-phopyridine nucleotid: ; DPNH2—reduced d'phos- 
phopyridine nuc'eotide. 
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Ordinates: Percentage of optimal activity. 


Fic. 3A.—Reduction of pyruvate. Abscissa: Molar concentration 
of DPNH 


which was free of zinc, was concentrated in vacuo 
and neutralized with lithium carbonate. Optical rota- 
tion of this solution revealed the absence of d(—) 
isomer. The latter was prepared according to Herzog 
and Slansky (1911). In the kinetic studies the /(+) 
lactate was used exclusively because no reduction of 
DPN occurred when d(—) lactate was used as a 
substrate. 


RESULTS 


Effect of pH.—The activities of both the schis- 
tosome and the mammalian enzymes were tested at 
different hydrogen ion concentrations in the 
presence of optimal concentrations of the sub- 
strates. Measurements of the rate of reduction of 
pyruvate to lactate revealed differences in the effect 
of pH on the activity of the two enzymes. The 
optimal activity of the worm enzyme was at pH 6.9 
and that of the mammalian enzyme at pH 7.8 
(Fig. 1A). The activity of the schistosome enzyme 
was tested also in the presence of phosphate buffer. 
Under these conditions optimal activity was seen 
even at lower pH levels. The optimal range for 
the oxidation of lactate to pyruvate was between 
pH 8.2 and 8.9 for the schistosome enzyme 
and between pH 9.0 and 9.5 for the mam- 
malian enzyme (Fig. 1B). Therefore, the pH 


optima for the schistosome enzyme were signi-* 


ficantly lower in either direction of the reaction. 


Fic. 3B.—Oxidation of i, fete: Molar concentration of 


Effect of Substrate Concentrations.—The effects 
of concentrations of DPNH, and pyruvate on one 
hand, and of DPN and lactate on the other, were 
determined for both enzymes. The results are 
shown graphically in Figs. 2 and 3. Table I sum- 
marizes the optimal concentrations and the 
Michaelis-Menten (1931) constants (Ky) of the 


TABLE I 


KINETIC DATA FOR THE LACTIC DEHYDROGENASES OF 
RABBIT MUSCLE AND OF SCHISTOSOMA MANSONI 


All values are expressed as molar concentrations 
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substrates for both enzymes. It should be noticed 
that the dissociation constants and the optimal con- 
centrations for lactate are identical for both 
enzymes. These two values were, however, six to 
twelve times higher for the worm enzymes with 
pyruvate, and slightly higher for the same enzyme 
with DPN and DPNH,. 
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DISCUSSION 


The differences in the kinetics of lactic dehydro- 
genase from rabbit muscle and from schistosomes 
suggest that the two enzymes are not identical, 
although they catalyse the same reaction. Similar 
kinetic differences between the enzymes of Schisto- 
soma mansoni and those catalysing the same re- 
action in its mammalian host have been observed 
with hexokinase (Bueding and MacKinnon, 1953) 
and acetylcholine esterase (Bueding, 1952). It 
should be noted that the optimal substrate con- 
centrations and the dissociation constants for the 
enzymes of schistosomes are usually higher than 
those for the host. This may be explained by a 
greater availability of substrate in the environment 
of the parasite, and may be related to a process of 
biochemical adaptation in an environment of high 
and relatively constant substrate concentration. 


SUMMARY 


The kinetics of lactic dehydrogenase of Schisto- 
soma mansoni are compared with those of lactic 
dehydrogenase of rabbit muscle. Differences in 
the pH optima and in some dissociation constants 
suggest that these two enzymes are not identical. 
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THE PURIFICATION. POTENCY, AND AMINO ACID CONTENT 
OF MELANOPHORE-EXPANDING, PRESSOR, AND OXYTOCIC 
PREPARATIONS FROM BEEF PITUITARY GLAND 


BY 


B. G. BENFEY 
From the Department of Pharmacology, McGill University, Montreal, Canada 


(RECEIVED JUNE 12, 1953) 


Of the amino acid composition of the hormones 
of the posterior lobe of the pituitary gland least is 
known of that of the melanophore-expanding 
hormone. The need for more knowledge con- 
cerning this hormone has increased recently 
because of publications whose authors think it is 
related to ACTH. In this paper the amino acid 
composition of a melanophore preparation is pre- 
sented, and some observations are made upon its 
relation to ACTH. 

In recent years Du Vigneaud and his col- 
laborators have made notable progress in isolating 
the pressor and oxytocic hormones of the pituitary 
gland and in determining the constituent amino 
~ acids of the products (Livermore and Du Vig- 
neaud, 1949; Turner, Pierce, and Du Vigneaud, 
1951; Popenoe, Pierce, Du Vigneaud, and Van 
Dyke, 1952 ; Pierce and Du Vigneaud, 1950a, b). 
Their method of isolation, countercurrent distribu- 
tion, has yielded only small quantities of the hor- 
mones. For the analyses they used starch column 
chromatography. 

In this paper the results of Du Vigneaud et al. 
are confirmed by entirely different methods. In 
addition, it is shown that these hormones may be 
obtained in larger amounts by a simpler method 
than countercurrent distribution. 


MATERIALS AND METHODS 


Melanophore-expanding Hormone Preparation.— 
The preparation used was 150 times as potent as 
standard powder. A note by R. L. Stehle concerning 
its preparation will be found at the end of this paper. 

The preparation was hydrolysed and the hydro- 
lysate analysed by “paper chromatography. From 
the intensities of the spots produced by the reaction 
with ninhydrin (observed by the eye directly) an 
attempt was made to get semi-quantitative information 
about the quantities of each acid. An effort to get 
more exact quantitative results by the use of a densito- 
meter, as described by Block (1950), was abandoned 
after a test of its applicability using mixtures of pure 
amino acids. 


2E 


- paper. 


A picrate like that from which this preparation was 
derived was also analysed. This picrate consisted of 
fine irregular crystals which decomposed at about 
150-160". 


Pressor and Oxytocic Hormone Preparations.—The 
work was done partly on preparations put at the 
disposal of the writer by Dr. Stehle ; these had been 
the subject of several communications by him and 
his collaborators. In addition, the author has iso- 
lated similar products from raw material following 
the technique of Stehle and Fraser (1935). 


Paper Chromatography of the Unhydrolysed Pre- 
parations.—Pilot experiments were first carried out 
with l-mg. amounts on Whatman No. 1 filter paper, 
and with 3-mg. amounts on Whatman No. 3 filter 
One dimensional chromatography was by the 
ascending technique using a mixture of N-butanol 
glacial acetic acid, and water in the proportions 
4:1:5. On developing the strip with ninhydrin vari- 
ous zones appeared, and the one containing the hor- 
mone was located by bioassay (Fig. 1 a). Two 
dimensional chromatography was carried out first in 
water-saturated phenol, and then in the mixture of 
N-butanol and acetic acid. 

To obtain large quantities of the hormones paper 
chromatography on a larger scale was then applied, 
using 40 mg. of material on Whatman No. 3 filter 
paper, run in the mixture of N-butanol and acetic 
acid by the ascending technique. The material was 
dissolved in 0.1 ml. of 0.25% acetic acid and was 
placed on a line 20 cm. long in separate spots with a 
micropipette. It was run for 24 hours, after which 
the sheet was dried in air and cut in horizontal strips, 
using as a guide small vertical strips from both ends, 
which were developed with ninhydrin. The horizontal 
strips were then eluted with 0.25% acetic acid by 
running 10 ml. from a microburette through each 
strip during a period of not less than one hour. The 
solution was evaporated in a desiccator over calcium 
chloride and the residue dissolved in 0.5 ml. of water. 
After adding 5 ml. of methanol the material was preci- 
pitated with 45 ml. of ethylacetate. 


Hydrolysis.—3-5 mg. was dissolved in 0.3-0.5 
ml. 6 N-hydrochloric acid and heated in a 
sealed ampoule at 110-112° for 20 hours, The 
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content of the ampoule was then evaporated to 
dryness in a vacuum desiccator over calcium 
chloride and potassium hydroxide. The residue 
was dissolved in enough water to make a solution 
which contained about 0.15 mg. in 0.02 ml., this 
being the amount of solution placed upon the 
paper. 

The picrate was treated in the same fashion ; the 
picric acid moved faster than the amino acids in 
all of the solvents, and did not affect their distri- 
bution. 


Paper Chromatography of the Hydrolysed Pre- 
parations.—Chromatograms were made as fol- 
lows : 

1. Two dimensional, ascending, the first run with 
secondary butanol, 150 parts; 3% ammonia, 
60 parts. This was repeated. The 90° run was 
with secondary butanol, 150 parts; 88% formic 
acid, 30 parts ; water, 20 parts (Hausmann, 1952). 
This procedure is suitable for alanine, arginine, 
aspartic acid, cystine, glutamic acid, glycine, 
histidine, isoleucine, leucine, lysine, methionine, 
oxyproline, phenylalanine, proline, threonine, 
tyrosine, and valine. 


2. One dimensional, ascending, with 90% formic 
acid, 15 parts ; water, 15 parts ; tertiary butanol, 
70 parts. This is the technique of Block (1950) for 
cystine. The colour is developed with isatin 
(Acher, Fromegeot, and Jutisz, 1950) for the 
detection of oxyproline and proline. 


3. One dimensional, descending, for five days, 
with water-saturated tertiary amyl alcohol, the 
water layer containing 1% diethylamine (Work, 
1949). This is suitable for isoleucine, leucine, 
methionine, phenylalanine, and valine. 


4. One dimensional, descending, for four days, 
with organic phase obtained by mixing normal 
butanol, acetic acid, and water in the ratio 4:1:5 
(Partridge, 1948). For arginine, cystine, histidine, 
and lysine. 


5. One dimensional, descending, for two days, 
with water-saturated phenol, the water layer con- 
taining 1% ammonia. Before starting, the cystine 
is oxidized to cysteic acid (Dent, 1947). For 
aspartic acid, cystine, glutamic acid, glycine, serine, 
and threonine. 


The sheets were dried in air, sprayed with 0.1% 
ninhydrin in water-saturated normal butanol, and 
placed in the dark for 24 hours. To get an approxi- 
mation to the amount of each amino acid from the 
colour intensities, the chromatograms were com- 
pared with those obtained with a 0.07 um solution 
of amino acids in 0.6 N-hydrochloric acid. 


Tryptophane was determined by the method of 
May and Rose (1922), as modified by Stehle (1945) 
to permit the use of small quantities of material. 


Assays of Potency.—The pressor hormone was 
tested by measuring the blood pressure effect in 
dogs anaesthetized with chlorbutol. 

Oxytocin was tested on the isolated uterus of 
the virgin guinea-pig suspended in Locke solution. 


RESULTS 
Melanophore-expanding Hormone 


The constituent amino acids of the melanophore 
hormone preparation are listed in Table I. 


TABLE [| 


CONSTITUENT AMINO ACIDS OF THE MELANOPHORE- 
EXPANDING HORMONE 


Present in largest amounts: 


Arginine Pro.ine 
Gtutamic acid Serine 
Glycine Tryptophane 
Histidine Tyrosine 
Lysine Valine 


Phenylalanine 


_ Present in smaller amounts: 
Alanine _ Leucine 
Aspartic acid 


Present in traces: ee 
Methionine 


Cystine I 
Threonine 


Isoleucine 


Pressor and Oxytocic Hormones 


The two dimensional chromatography of the 
crude preparations (Stehle and Fraser, 1935) gave 
the following picture (Fig. 1 b, c): Rr vasopressin 
in phenol, 0.85—0.90 ; in butanol-acetic acid, 0.15- 
0.18. Rg oxytocin in phenol, 0.85-0.90; in 
butanol-acetic acid, 0.35-0.40. Impurities—very 
probably lysine, arginine, and lower peptides—had 
an Rr value of 0.15—0.40 in phenol and 0.05-0.14 
in butanol-acetic acid. If the ninhydrin-sprayed 
sheet was placed in an oven at 100° for a few 
minutes, the hormone spots gave a yellow colour 
that turned purple on prolonged heating. They 
gave a purple colour with ninhydrin on standing 
in the dark for 24 hours. 

To remove the impurities, a one dimensional 
chromatography with 40 mg. of each of the impure 
preparations was carried out in butanol-acetic 
acid. The constituent amino acids of these pre- 
parations are listed in Tables II and III. The 
main constituents are identical with those 
reported by Du Vigneaud and his collaborators 
(Turner et al., 1951 ; Popenoe et al., 1952 ; Pierce 
et al., 1950a, b). The spots of the amino acids 
present in traces were extremely faint in com- 
parison with the others. 

A picrate which consisted of fine irregular 
crystals was obtained from the pressor hormone. 
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Fic. 1.—(a) One dimensional paper chromatography of the pressor and the oxytocic hormone (Stehle and Fraser, 1935) in N butanol-acetic 


acid-water, 4:1: 5. 
development. 


(6) Two dimensional paper chromatography of the pressor hormone (Stehle and Fraser, 1935) in water-saturated 


A, point of application; x, pressor hormone after development. B, point of application; y, oxytocic hormone after 


henol 


(vertical) and N butanol-acetic acid-water, 4: 1:5 (horizontal). A, point of application; x, hormone. This material when purified by 
chromatography showed only the hormone spot. (c) Two dimensional paper chromatography of the oxytocic hormone (Stehle and 


Fraser, 1935) in water-saturated phenol (vertical) and N butanol-acetic acid-water, 4: 1:5 (horizontal). 
This material when purified by chromatography showed only the hormone spot. 


y, hormone. 


TABLE II 
CONSTITUENT AMINO ACIDS OF THE PRESSOR HORMONE 
_ Present in large amounts: 


Arginine Glycine 
Aspartic acid Phenylalanine 
Cystine Proline 
Glutamic acid Tyrosine 


Present in traces: 





Alanine Leucine 
Valine 
TABLE III 
CONSTITUENT AMINO ACIDS OF THE OXYTOCIC 
HORMONE 


Present in large amounts: 


Aspartic acid Isoleucine 

Cystine Leucine 

Glutamic acid Proline 

Glycine Tyrosine 
Present in traces: 

Alanine Valine 


It was prepared by- adding a saturated aqueous 
solution of picric acid to a 1% solution of the 
pressor hormone ; it precipitated instantly. The 
precipitate was separated by centrifugation and 
freed of excess picric acid by repeated washings 
with ethylacetate. It decomposed at 175-190°, 
and, when hydrolysed and chromatographed, gave 
the same chromatogram as the starting material. 


B, point of application; 


The potency of the vasopressin was 200 units 
per mg. before chromatography and 330 units 
per mg. afterwards. This preparation had an oxy- 
tocic activity of about 15 units per mg. The 
potency of oxytocin was 250 units per mg. before 
chromatography, and remained unchanged by 
chromatography within the limits of error of the 
assay. 50 units had no pressor activity. 


DISCUSSION 


Melanophore-expanding Hormone 


The conclusion of Sulman (1952) and of Johns- 
son and Hoegberg (1952), based upon the melano- 
phore-expanding action of ACTH preparations, 
that the melanophore hormone is identical with 
ACTH has been denied by Geschwind, Reinhardt, 
and Li (1952); and by Reinhardt, Geschwind, 
Porath, and Li (1952). Recently, however, Brink, 
Boxer, Jelinek, Kuehl, Richter, and Folkers (1953), 
and Winter, Brink, and Folkers (1953), have stated 
that their corticotropin-B has a melanophore- 
expanding action ; and since they claim that their 
material is pure the question appears to be still 


open. 
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It would seem that one way to try to settle the 
matter would be to test the corticotrophic action 
of the melanophore-expanding hormone, but this 
has not been done. The preparations which have 
had an action upon melanophores could have been 
contaminated preparations. Folkers et al. state 
that 0.1 yg. of their preparation expanded the 
melanophores of pieces of frog skin bathed in 
Ringer solution. Jores (1933), however, has found 
that 3.3 yg. of standard pituitary powder, which 
is equivalent to 0.022 yg. of the preparation studied 
in this work, is effective in December when the 
sensitivity is greatest. It is not stated when Folkers 
et al. made their tests. 0.01 ug. of the preparation 
studied in this work produced a strong effect, and 
0.005 »g. produced an easily detectable effect when 
intact frogs, stored during the winter months, were 
injected in May. It would obviously not take 
much contamination of ACTH with such material 
to confer a melanophore-expanding action upon it. 


Apart from testing the melanophore hormone 
for corticotrophic action, the solution of the prob- 
lem might be advanced by giving attention to the 
tryptophane content of ACTH preparations. This 
amino acid seems to be a constituent of the 
melanophore hormone ; in preparations of differ- 
ent potencies the potencies run parallel to the 
tryptophane content (Stehle, 1945). 

The amino acid constituents of ACTH as pub- 
lished (Geschwind, Porath, and Li, 1952 ; Li, 1952 ; 
Brink, Boxer, Jelinek, Kuehl, Richter, and Folkers, 
1953), and of the melanophore hormone as given 
here, agree to a considerable extent except for 
tryptophane. 


Pressor and Oxytocic Hormones 


Biological assays of pituitary hormones have not 
a high degree of accuracy, and this may lead to 
claims of potency that are too high. 


In their most recent publication, Pierce, Gordon, 
and Du Vigneaud (1952) conclude that, for their 
oxytocic hormorie, 450-500 units per mg. is 
probably more nearly correct than the 800- 
865 units per mg. reported earlier (Livermore and 
Du Vigneaud, 1949; Pierce and Du Vigneaud, 
1950b). On the other hand, they now state that 
their pressor preparation has 600-650 units per mg. 
(Popenoe, Pierce, Du Vigneaud, and Van Dyke, 
1952) rather than the 400-450 units per mg. 
reported earlier (Turner, Pierce, and Du Vigneaud, 
1951). 

The potencies of the preparations described by 
Stehle and Fraser (1935) were given as 200 units 
per mg. for the pressor and 250 units for the 


oxytocic hormone. Dr. Stehle has informed the 
author that these potencies were given because his 
object was to assign values below which the poten- 
cies probably did not fall. Many individual assays 
gave higher values. 


The pressor preparation mentioned above, which 
was obtained by chromatography from one of 
Stehle’s preparations, and of which the chromato- 
gram of the hydrolysate agreed with the composi- 
tion given by Du Vigneaud, had only 330 units 
per mg. The corresponding oxytocic preparation 
had only 250 units per mg. If an underestimate 
of the potencies given for these preparations is as 
great as the overestimate of the oxytocic prepara- 
tion first reported by Du Vigneaud, then his pre- 
parations and ours may be about equal in potency, 
and therefore in purity. 


SUMMARY 


1. The component amino acids of a preparation 
of the melanophore-expanding hormone of the 
pituitary gland were determined. It appears to 
be distinguishable from ACTH by its content in 
tryptophane. 


2. There is as yet no reason for believing that 
the melanophore hormone is identical with ACTH. 
Simple contamination of the latter with the former 
is an adequate explanation of the experimental 
results at present available. 


3. A simple method is described for obtaining 
relatively large quantities of the pressor and 
oxytocic hormones of the pituitary gland in a 
highly purified state. 


4. The amino acid composition of the products 
agrees with that given by Du Vigneaud et al. 


5. The view is expressed that the potencies of 
these hormones may not be as high as is sometimes 
stated. 


6. The pressor hormone may be precipitated as a 
crystalline picrate. 
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ADDENDUM 
by 
R. L. STEHLE 


This preparation was obtained in May, 1952, from 
a picrate similar to those described before (Stehle, 1944). 
After the removal of the picric acid 638 mg. of the 
material was dissolved in 25 ml. of water and 150 ml. 
absolute alcohol was added. Turbidity but no floc- 
culation occurred. 50 ml. of ethylacetate was then 
added. The turbidity increased and the solution was 
put aside for the night. By morning a precipitate had 
formed. This was removed by centrifugation and dried 
in vacuo (184 mg.). Ethylacetate to make 500 ml. was 
added to the solution. A precipitate formed slowly and 
after several hours was removed by centrifuging and 
dried (313 mg.). Ethylacetate to make 900 ml. was then 
added to the solution. -The next day the precipitate 
which had formed was centrifuged and dried (62 mg.). 
This last precipitate had about twice the tryptophane 
content and was about twice as potent upon frogs as 
was the 1944 preparation. 

Lack of material prevented a repetition of the work, 
but from trials with such residues as were available it 
seemed clear that the outcome depends upon removing 
the second precipitate at the right time. If this is delayed 
too long the hormone comes down with it and one 
obtains no precipitate on final addition of ethylacetate. 
It was a surprise, and more or less a disappointment, to 
find that the potency of the 1944 preparation could be 
increased. 
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It is generally known that white squill contains 
little, if any, rat poison (for literature, see Gold, 
Modeli, Catell, Benton, and Cotlove, 1947). How- 
ever, as early as 1938, Dr. J. O. Pinkston, former 
chairman of this department, discovered that, 
whereas white squill bulbs collected from the 
coastal areas were inactive, those from _ the 
Lebanon mountains showed such activity that he 
used white squill powder to exterminate wild rats 
in and around the campus of the University. We 
have later obtained white squill from another part 
of the Lebanon mountains which occasionally 
showed as much activity as red squill. In general, 
however, the bulbs we have used yielded a dry 
squill powder that was lethal to male rats in an 
oral dose of 1.5-2 g./kg. body weight. 

Attempts to isolate the active principle from 
white squill were begun in 1942. In 1944 a small 
quantity of crystalline material was obtained with 
an oral MLD in male rats of about 1.5 mg./kg. 
Owing to the war, the isolation of scilliroside from 
red squill by Stoll and Renz (1942) became known 
to us only in 1945. Although the two methods of 
preparation had nothing in common, the products 
appeared to be identical, judged by the results of 
elementary analysis, crystal form, solubility, and 
the Liebermann colour reaction. 

In 1950 the Sandoz firm in Basle kindly sup- 
plied us with a sample of crystalline scilliroside, 
and a new batch of white squill was used to pre- 
pare material for comparison. It was soon found 
that the 1944 success had been dependent on the 
use of a brand of Merck (Darmstadt) charcoal 
which had stood in the laboratory for many years. 
The active substance was quantitatively adsorbed 
by the old charcoal and was eluted in a relatively 
pure form by treatment with 50% isopropyl alco- 
hol. The available specimens of charcoal—Darco 
G 60, Mallinckrodt, and a new specimen from 
Merck—adsorbed the substance so tenaciously 
that it could not be eluted by 50% isopropyl 
alcohol, and the procedure had therefore to be 


modified from that step onwards. An amorphous 
colourless product, 30-35% as toxic to rats as 
Stoll’s scilliroside, was obtained, and proved to be 
a mixture of scilliroside and a closely related pro- 
duct. This paper describes the properties of both 
compounds. 


MATERIALS AND METHODS 


Preparation of Rat Poison From White Squill—The 
squill bulbs were collected during the months of June 
and July from a spot in Southern Lebanon ca. 1,800 ft. 
above sea level and about 15 miles from the Medi- 
terranean coast. Activity was not lost if the bulbs 
were stored for a few months in a cool and shady 
place. Six kg. of intact scales was treated with 18 I. 
of a solution made by diluting 11.4 1. of 95° alcohol 
with 6.6 |. of water and kept standing at room tem- 
perature for a week. This solution contained maxi- 
mum activity and a minimum of residue. The filtered 
solution was treated with lead subacetate until no 
more turbidity was produced on further addition. It 
was allowed to stand for not more than five hours, 
when the upper clear layer was siphoned off and the 
residue centrifuged. The clear fluid was immediately 
treated with enough sodium acid phosphate to remove 
the lead. The clear filtrate was then evaporated at 
a temperature of about 15° C. to approximately 1.5 1. 
and enough (ca. 40-60 g.) decolorizing charcoal 
added to adsorb all active material; it was kept in 
the refrigerator for 24 hours and shaken occasionally. 
The charcoal was filtered and washed with water and 
95% alcohol. The alcohol-moist charcoal kept in- 
definitely in a glass-stoppered bottle. 


Elution—The old procedure need not be given in 
detail, since it used a sample of charcoal that is no 
longer available. It involved extraction of the char- 
coal five to six times with 50% isopropyl alcohol, 
evaporation of the extract to a small volume and 
repeated extraction of the aqueous residue with 
chloroform ; evaporation of the chloroform extract 
to a small Volume and adsorption on a column of 
alumina (Merck, standardized according to Brock- 
mann); extrusion of the column and extraction with 
ice-cold 95% alcohol. The alcohol extract was evap- 
orated to dryness and the residue crystallized from 
aqueous methanol in the form of irregular prisms. 
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(Found: C, 62.15; H, 7.84. 
requires C, 61.92; H, 7.15%). 
According to the new procedure the charcoal adsor- 


Scilliroside, C32H4O1, 


bate was shaken for one hour with 500 ml. of a 
solution containing 75 volumes 95% alcohol, 20 
volumes chloroform, and 5 volumes water. The 


extraction was repeated four or five times and the 
combined extracts evaporated at a low temperature 
to a volume of 80 ml. The brown and turbid residue 
was extracted several times with a total of 100 ml. 
benzene. From the benzene extract a crystalline 
aglucone was isolated which will be described else- 
where, but which possessed no lethal action on rats. 
The aqueous layer was evaporated to remove the 
benzene and then extracted four times with a total 
of 500 ml. of a chloroform solution containing 5% 
{v/v) butanol. This solution, according to Stoll and 
Renz (1942), extracts scilliroside but not scillaren. 
The combined extracts, which contained 85% of the 
activity, were evaporated to dryness under reduced 
pressure, dissolved in 25 ml. acetone, and adsorbed 
on a column of acid-washed alumina (Merck, Rahway, 
N.J.). The column was washed with 200 ml. acetone, 
and elution was accomplished with a total of 500 ml. 
50% alcohol-acetone mixture. On evaporation the 
alcohol-acetone extract gave an amorphous, slightly 
coloured powder, which was then dissolved in ethyl 
acetate. This solution was evaporated until it became 
turbid and was then treated, while shaking, with an 
excess of petroleum ether. Ethyl acetate was removed 
by repeated decantations and replacement with petro- 
leum ether. The product was filtered and dried. 
Repeated adsorption on alumina and elution with 
other fluid mixtures, such as 50% alcohol-ethyl 
acetate, or 10% methanol in chloroform, gave the 
same product and did not contribute to an increase 
in activity. The yield was about 1.5 g. from 6 kg. 
fresh scales. 


Acetylation of the White Squill Mixture-——The 
usual method, utilizing acetic anhydride and pyridine 
at room temperature, was employed (Stoll and Renz, 
1942). The product was purified on the alumina 
column. 


Oxidation of the Acetylated Product.—The method 
of Stoll, Renz, and Helfenstein (1943) was used. 


Separation of the Mixture by Paper Chromato- 
graphy.—Water was used as the stable phase and a 
mixture of cyclohexane and cyclohexanol as_ the 
mobile phase. 


Paper Electrophoresis ——This was kindly performed 
by Dozent Dr. Kurt Wallenfels, Boehringer & Sons, 
Mannheim, Germany. The paper was sprayed with 
perchloric and sulphuric acids and heated prior to 
inspection under the ultra-violet lamp. 


Acid Hydrolysis of the White Squill Mixture.— 
The method of Mannich and Siewert (1942) was used, 
utilizing hydrochloric acid and acetone at room tem- 
perature for two days. The details of the purification 
of the two crystalline aglucones obtained will be 
published elsewhere. 
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RESULTS 


Analyses.—1. White squill mixture dried in 
vacuum at 80° C. Found:—Batch I:C, 62.0; H, 
7.47. Batch II:C, 62.64; H, 7.57.  Scilliroside 
(C,,H,,0O,,) requires C, 61.92; H, 7.15%. 


2. Acetylated product dried in high vacuum at 
80° C., m.p. 131-133° C. Found: C, 60.54; H, 
6.61. Tetraacetyl-scilliroside (C,,H,,O,,) requires 
C, 60.90 ; H, 6.65%. 


3. Oxidized acetylated product, m.p. 233-234° 
C. No depression with compound prepared from 
crystalline scilliroside. Found: C, 61.33 ; H, 6.47. 
Dehydrotetraacetyl-scilliroside (C,,H,,O,,) re- 
quires C, 61.04; H, 6.41%. 


4. Hydrolysis products of white squill mixture. 
Aglucone I—needles, from methanol, m.p. 223- 
225° C. Found: (i) C, 73.66; H, 7.76; (ii) C, 
73.41; H, 7.45%. Aglucone II—leaflets, from 
ethanol, m.p. 232-234° C. Found: C, 76.33; H, 
8.01%. 


Paper Chromatography.—This_ revealed one 
zone for scilliroside and two contiguous zones for 
the white squill mixture, one of which moved at 
the same rate as scilliroside. 


Paper Electrophoresis.—This also revealed one 
band for scilliroside and two for the white squill 
mixture. 


Ultra-violet Absorption Spectra.—The spectrum 
of the white squill mixture and that of scilliroside 
are identical. Both show a maximum at 297 mu 
and a molecular extinction coefficient of 3.71 at 
that wavelength. (For complete curve see Stoll 
and Renz (1942) ). 


Liebermann Colour Reaction.—Stoll’s scilliro- 
side: violet->blue—>blue-green. White squill mix- 
ture: violet-->blue—biue-green. 


Toxicity to Male Rats.—It can be seen from 
Table I that the white squill mixture is 30-35% 
as active as scilliroside. 


TABLE | 


COMPARATIVE TOXICITIES OF SCILLIROSIDE AND WHITE 
SQUILL RAT POISON BY INTRAVENOUS INJECTION TO 











MALE RATS 
Scilliroside White te Squill Product 
Dose ej ~~ | Dose - 
mg./kg Rats | Convulsions | ™®' kg a -. Convulsions 
~ O08 | 6 o | 18 | 6 0 
0-9 12 6 25 | 6 2 
1-0 18 14 } 2-7 12 5 
: seg ze 4 10 
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Cardiotoxic Activity (Table Il).—Dog_heart- 
. lung preparations were used and the glycosides 
were infused at the optimal rate according to 
Farah (1946). Before the infusion was started 


TABLE II 


THERAPEUTIC AND LETHAL DOSES OF SQUILL GLYCO- 
SIDES IN DOG HEART-LUNG PREPARATIONS 


In all except the first four experiments of the first series, pento- 
barbitone was added to reduce the initial systemic output to one ha!f 
or less, before infusion of the glycosides was started 








Rate of Thera- Lethal | Duration 
Ex . : Adminis- | _ peutic Dose. | of Infusion 
No. Glycoside tration. | Dosein%| Micro- oO 
: Micro- | of Lethal | moles/kg. | Glycoside 
moles/min Dose Heart in Min. 
1A | Scilliroside 0-002 — 3-41 80 
2A o” 0-002 — 4-10 88 
3A 0-002 — 3-54 79 
4A 0-002 30-4 3-51 102 
5A | 0-002 _ 3-89 96 
6A 0-002 23-6 2:94 102 
TA 0-002 32°6 3-95 92 
8A 0-002 22:7 2-79 88 
9A 0-002 13-8 2°38 94 
10A 0-002 13-4 2°62 112 
Av. 22:7 3-31 93-3 
1B 0-001 20-1 3-42 174 
2B 0-001 20-2 2:1 148 
3B 0-001 15-1 3-3 165 
4B 0-001 20-8 3-96 231 
Av. 19 3-19 179 
White squill 
mixture pro- 
iC duct Mib 0-004 23-1 5-86 108 
2C % o» 0-004 — 4-77 85 
3C 0-004 27°8 4-40 90 
4C 0-004 22-2 6:92 108 
- & 0-004 — 8-45 97 
Av. 24-4 6-08 98 
1D 0-002 21-65 6-30 162 
2D 0-002 29-20 5-24 137 
3D 0-002 26-00 5-88 154 
4D 0-002 _ 5-84 158 
Av. 25-6 5-81 153 
White squill 
mixture pro- | 
1E duct Mic 0-002 24 6:94 150 
2E ” ” 0-002 28 5-0 160 
3E % ” 0-002 27-2 7-73 184 
4E »” 9 0-002 18-2 5-67 165 
SE * »» 0-002 30-6 6°23 163 
6E * »» 0-002 24:8 3-93 121 
Av. 25: 5-92 157 




















the hearts were made hypodynamic by pento- 
barbitone; the initial systemic output was 
decreased to one half or less. The _ thera- 
peutic effect was assessed by a decrease in 
right atrial pressure and a simultaneous increase 
in systemic output. It will be noticed that scilli- 
roside is less active than ouabain but more active 
than digoxin, digitoxin, and oleandrin, as judged 
by the data obtained by Farah and Maresh (1948). 
It will also be seen from Tables I and II that 
although the white squill glycoside mixture con- 


tains only 30-35% scilliroside it is about 55% as 
toxic to the heart, indicating that the rat-inactive 
product is cardiotoxic but less so than scilliroside. 
The ratio of the therapeutic dose to the lethal dose 
is slightly higher for the squill glycosides than 
that obtained by Farah and Maresh for other 
heart poisons. This may be due to the fact that 
we have used a big dose of pentobarbitone to in- 
duce failure, and in most experiments have started 
the infusion of the glycosides while the atrial pres- 
sure was still rising. Where the therapeutic dose 
is left out it means that the turning point was not 
sharp or that no definite therapeutic activity was 
observed. 
DISCUSSION 


The amorphous product from white squill 
appears to be a mixture of two substances, This 
is indicated by the results of paper chromatography 
as well as paper electrophoresis experiments, 
which revealed only two zones. One of these pro- 
ducts is clearly scilliroside, for oxidation of the 
acetylated mixture with chromic acid or lead tetra- 
acetate according to Stoll, Renz, and Helfenstein 
(1943) gave, in a yield of 30%, a crystalline 
dehydrotetraacetyl-scilliroside which was _indis- 
tinguishable from the product obtained from 
pure scilliroside. Since the amorphous product 
is only 30-35% as toxic to rats as_ scilli- 
roside, it is difficult to avoid the conclusion that 
the rodenticidal activity of white squill is due 
exclusively to its scilliroside content, as Gold et al. 
(1947) had suspected. However, tested on the dog 
heart-lung preparation, the white squill mixture is 
about 55% as toxic as scilliroside, and we prefer 
to explain this by suggesting that the rat-inactive 
principle is toxic to the heart but less so than 
scilliroside. There are, however, alternative explan- 
ations, but we consider these to be less plausible. 
Assuming always that the methods of bioassay are 
sufficiently accurate, one could suspect, for 
instance, that both the rodenticidal and the cardio- 
toxic activities of the white squill mixture are 
due to its scilliroside content which might be, say, 
55%. One would then have to assume that the 
preparative losses reduce the yield of dehydrotetra- 
acetyl-scilliroside to 30% and that the rat-inactive 
principle interfered with the rat assay. 

The nature of the rat-inactive principle is not 
known with certainty yet. But it must be closely 
related to scilliroside: the two products behave 
similarly on the alumina column, and have almost 
identical elementary compositions and molecular 
extinction coefficients. Acid hydrolysis of the 
amorphous product according to Mannich and 
Siewert (1942) yields two crystalline aglucones 
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which must be derived from the rat-inactive glyco- 
side, since this method of hydrolysis yields no 
crystalline products from pure scilliroside. The 
chemical structure of these aglucones is being 
further investigated and will be published else- 
where. In the meantime further attempts are 
being made, by the use of paper chromatography, 
to isolate the rat-inactive principle on a prepar- 
ative scale. 

It is not known why the squill that grows in the 
coastal areas is almost devoid of lethal action on 
rats while that which grows in the mountains is 
active. The two are botanically indistinguishable. 
Three factors may be responsible for this differ- 
ence—the soil, the altitude, and the nearness to 
the sea. Attempts are being made to solve this 
interesting problem by transplanting squill bulbs 
from the coast to the mountain area and vice- 
versa, both with and without the surrounding 
native soil. 


SUMMARY 


1. Wild white squill that grows in some parts of 
the Lebanon mountains contains sufficient rat 
poison to be of use in exterminating rats. The 
white squill that grows in the coastal areas is 
almost inactive. 


2. The active principle has been shown to be 
identical with scilliroside, the substance obtained 
from red squill grown in North Africa. 


3. Scilliroside was tested, on the dog heart-lung 
preparation, for its cardiotoxic activity and was 
found to be less active than ouabain but more 
active than digoxin, digitoxin, and oleandrin. 


4. White squill also contains another glycoside, 
hitherto undescribed, which bears a close chemical 
relationship to scilliroside, but which is not toxic 
to rats and is less cardiotoxic than scilliroside. 


This study has been supported by a grant from the 
American Heart Association. We are greatly indebted 
to Dr. Alfred E. Farah for his advice and help in the 
early part of this work, and to Merck & Co., Rahway, 
N.J., U.S.A., for a generous supply of acid-washed 
alumina. 
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2 :4-Diamino-6: 7-dibenzylpteridine was found 
(Collier and Waterhouse, 1952) to inhibit the 
growth of Streptococcus faecalis and Staphylo- 
coccus aureus when present in low concentration 
in the culture medium and to protect mice against 
infections of Staph. aureus ; this action appeared 
to be potentiated by sulphathiazole. The thera- 
peutic activity of the pteridine was not as high as 
that of penicillin against normal staphylococcal 
infections of mice ; but we thought it desirable to 
explore its activity alone, and with sulphathiazole, 
against staphylococci resistant to penicillin and 
other antibacterial drugs. 


MATERIALS AND METHODS 


Strains.—Drug-resistant strains of Staph. aureus 
were obtained from three sources. 


1. By serial transfer in the laboratory of strain 
CN491 in liquid media containing increasing concen- 
trations of penicillin, sulphathiazole, dibenzylpteri- 
dine, or a mixture of equal weights of the two last- 
named. 


2. Penicillin-resistant strains isolated by Dr. M. 
Barber at St. Thomas’s Hospital, London, numbered 
D1, MIDI, MID3, and W499. 


3. Multiple-resistant strains Nos. 22 and 159 rela- 
tively insensitive to penicillin, streptomycin, aureo- 
mycin, chloramphenicol, terramycin, and sulphon- 
amides, isolated at the Bristol Royal Infirmary (Clarke, 
Dalgleish, and Gillespie, 1952). 


Methods in vitro.—The medium in all experiments 
had the following composition. 


NaCl as ane iy ae aoe 
NasHPO, ... iis Ses on Boe 
K HoPO; ae sas 0.4 g. 
“Vitamin free” casein 

hydrolysate (A. & H.) sae 
dl-Tryptophane ... — «- as 
Dextrose ... sah a 2.0 g. 
Aneurine ... 40 ug. 
Nicotinic acid 400 ug. 
Distilled water ... to 1 litre 


to pH 7.2-7.4 


In the induction of drug-resistance, inocula were 
adjusted to give approximately 30,000 cells per ml. 
experimental medium. In sensitivity tests inocula of 
this size or of 1,000,000 cells per ml. of test medium 
were used. End-points were read visually and the 
minimal inhibitory concentrations expressed as the 
geometric means of several independent experiments. 
For other details, reference may be made to Collier 
and Waterhouse, 1952. 

Methods in vivo.—Methods used in mice were as 
described in the above paper, except that the infective 
inocula were prepared from 5-hr. cultures of staphylo- 
cocci. Rabbits were infected intravenously with 
0.5 ml. of a 5-hr. culture of staphylococci washed 
and made up to initial volume. 1 and 24 hours after 
inoculation, we administered dibenzylpteridine or 
sulphathiazole, or their mixture in equal proportions, 
by mouth, or procaine penicillin in oil with aluminium 
stearate by intramuscular injection. 


RESULTS 
The Development of Resistance in vitro 


In the course of 10-12 transfers, in liquid 
medium containing increasing concentrations of 
drug, Staph. aureus CN491 became more than a 
hundred times more resistant to penicillin, sulpha- 
thiazole, or dibenzylpteridine, but only about six 
times more resistant to a mixture of equal parts 
of sulphathiazole and pteridine (see Fig. 1). In 
these experiments an inoculum giving approxi- 
mately 30,000 cells per ml. of test medium was 
used. 

Cross-resistance in vitro 


Artificially Produced Drug-resistant Strains of 
Staph. aureus CN49/.—Using washed inocula of 
about 30,000 cells per ml. culture medium, we 
found that strains made resistant to any one of the 
three drugs remained sensitive to the other two. 
Each of these resistant strains was sensitive to the 
pteridine-sulphathiazole mixture. 

Naturally Occurring Penicillin-resistant Strains. 
—Since penicillin-resistance may be more clearly 
seen when large inocula of staphylococci are used 
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Fic. 1.—Development of resistance by Staph. aureus CN491 during 


exposure to sulphathiazole, dibenzylpteridine,‘and penicillin in 
serial subcultures. Ordinate: logarithm of the minimal inhibi- 
tory consentaatton (M.L.C.) in mug./ml. Abscissa: number of 
transfers 


(see Barber, 1947) we employed inocula of about 
1,000,000 as well as of about 30,000 washed 
cells per ml. medium when testing the cross-resis- 
tance of Barber’s strains. The results of these 
experiments, illustrated in Table I, confirm the 
importance of inoculum size in the demonstration 
of penicillin resistance. They also show that, when 


TABLE I 


RESPONSES OF PENICILLIN-RESISTANT STAPHYLOCOCCI 
TO DIBENZYLPTERIDINE, SULPHATHIAZOLE, AND A 
MIXTURE OF THESE DRUGS, IN VITRO 
The cultures were inoculated to give (a) about 1,000 000 cells/ml. and 
(b) about 30,000 cells/ml. respectively 





Minimal Inhibitory 
Concentration of Drug in ug. /ml. at 24 hr. 











: | Pteri- 
“No” | Penicitin | Dibenzyk | Sulphee [dine 
= ee eee... 
@ | o®) @ | | @|o}|@ 
D1, -25-12| 0-36 233) 0-25 | > 100 | 1-26 | 0-45” 
MIDI__|__891/ 03 | 079) 00s | >25 | 04s | 031 
MID3 | >10 | 0-63 | 2-5 | 0:16 | >100 | 1-25 | 0-45 
w499 .. | >100 | 0-78 | >100_ 


0-16 | >100/ 035] 13 _ 
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a large inoculum was used, strain W499 exhibited 
a marked degree of resistance to dibenzylpteridine, 
but a mixture of sulphathiazole and dibenzylpteri- 
dine was effective against large inocula of this as 
well as of the other strains. 


Naturally Occurring Multiple-resistant Strains.— 
Even using an inoculum of the smaller size (ca. 
30,000 cells per m]. medium) we found that strains 
22 and 159 exhibited considerable resistance to 
penicillin, chloramphenicol, and _ sulphathiazole. 
Accordingly, using the same sized inoculum, we 
explored their sensitivity to dibenzylpteridine and 
to a pteridine-sulphathiazole mixture, with results 
as expressed in Table II. It will be seen that both 


TABLE II 


RESPONSES OF MULTIPLE-RESISTANT STAPHYLOCOCCI 
TO VARIOUS DRUGS IN VITRO 


Cultures inoculated to give about 30,000 cells/ml. 





Minimal Inhibitory 
Concentration in ug./ml. 





| 
| 
—_ | 











Drug 
24 hr. 48 hr. 
4 | Chloramphenicol . . 50 50 
Sulphathiazole 50 71 
22 Penicillin 12-5 > 100 
| Dibenzyipteridine . 0-552 0-78 
Pteridine +S’thi. 50: 50 0-78 0-78 
| Chloramphenicol...  .. | 50 71 
Sulphathiazole is a 100 100- > 100 
159 | Penicillin ee 12:5 | 100 
| Dibenzyipteridine . 0-552 0 78 
| Pteridine +S’ thi. 50: 50 0-552 | | 








strains are sensitive to dibenzylpteridine, but a 
significantly greater sensitiveness to the pteridine- 
sulphathiazole mixture is not shown. 


Therapeutic Experiments 


Naturally Occurring Penicillin-resistant Strains. 
—tThe strains from Dr. Barber were not pathogenic 
to mice, but one of them, W499, was rapidly fatal 
to rabbits when given intravenously. In spite of 
the resistance of W499 to dibenzylpteridine, shown 
in vitro, we carried out some preliminary experi- 
ments on the protection of rabbits. In these 
experiments oral doses of 1.0 g. of sulphathiazole 
or of dibenzylpteridine failed to protect the 
animals. A mixture of equal parts of the two 
drugs, on the other hand, prolonged the lives 
of rabbits at doses of 0.2 and 1.0 g. per kg. 
However, in spite of the _ penicillin-resistance 
exhibited by this strain in vitro, an intramuscular 
dose of 100,000 units of procaine penicillin in oil 
per kg. protected the animals longer than did the 
pteridine-sulphonamide mixture. 


Naturally Occurring Multiple-resistant Strains. 
—Strains 22 and 159 proved capable of killing 
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mice if inoculated intraperitoneally in large 
numbers with 5% mucin. In _ preliminary 
experiments we found that, given by mouth, 
sulphathiazole had little protective activity and 
that a sulphathiazole-pteridine mixture was no 
better than the pteridine alone. 

The pteridine itself showed activity when given 
orally in large doses, but it was less active against 
either strain than chloramphenicol, in spite of the 
moderate degree of chloramphenicol resistance. 
This is illustrated in Fig. 2, which gives the results 
of an experiment with strain 159. 












10¢ 
CHLORAMPHEWICOL 10g. O§8 kg. 
8 * ea ot * x 
DIBENZYLPTERIDINE 4.09. PER Kg. 
g 
oe 6 
Y 
= ——o -O o- o ~O 
DIBENZYLPTERIOINE 10g. PER kg 
5 4 
2 
0 
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Fic. 2.—Protection of mice, infected with a multipie-resistant strain 
of Staph. aureus 159, by chloramphenicol and dibenzylpteridine 
administered orally 1 hr. after intraperitoneal inoculation. 
pa ae number of mice alive. Abscissa: days after ino- 
culation. 


The results of therapeutic tests in mice and in 
rabbits showed that dibenzylpteridine was less 
effective in vivo than might have been expected 
from its in vitro activity, while the converse was 
true of penicillin and chloramphenicol. One of 
the questions which therefore arose was how far 
body fluids antagonized the antibacterial activity 
of the pteridine. 


TABLE III 


ANTAGONISM OF DIBENZYLPTERIDINE, SULPHATHIA- 
ZOLE, AND THEIR MIXTURE BY VARIOUS SERA 


Strain W499 inoculated to give about 30,000 cells/ml. 

















Serum Included at | Minimal Inhibitory 
Drug 5% in Synthetic Concentration in 
Medium ug./ml. at 16 hr. 
Dibenzylpteridine .. None | 0-046 
Rabbit 2:5->10 
Mouse 0-88 
Man 1-25 
Sulphathiazole ed None 0-625 
Rabbit >10 
Man >10 
ual parts — Pr None 0-039 
Dibenzyipteridine + Rabbit 0-625 
Sulphathiazole “ Man 0-625 








Effect of Serum on Drug Activity 

When 5% serum from man, mouse, or 
rabbit was added to the synthetic medium, strain 
W499 showed a marked decrease in sensitiveness 
to dibenzyipteridine, to sulphathiazole, and to a 
mixture of the two drugs. As will be seen from 
Table III, the antagonistic effect was least with a 
mixture of pteridine and sulphathiazole. 


DISCUSSION 


The experimental work in vitro, illustrated in 
Fig. 1, provides yet another example of resistance 
developing more slowly to a mixture of drugs than 
to one alone, as has been described for other drugs 
by Carpenter, Bahn, Ackerman, and Stokinger 
(1945) and more recently by, for example, Purcell, 
Wright, and Finland (1953). 

Collier and Waterhouse (1952) showed that 
dibenzylpteridine exerted some therapeutic effect in 
mice against an antibiotic-sensitive strain of Staph. 
aureus. By the oral route, its activity was slight, 
but it was considerably more effective when given 
intraperitoneally. In the present therapeutic tests 
with antibiotic-resistant strains, the pteridine 
showed about the same activity by mouth as be- 
fore. The intraperitoneal route of administration 
was not used, as it was thought that there might 
be some direct action of the drug on the staphylo- 
cocci before their absorption into the blood stream. 
The potentiation of dibenzylpteridine * sulpha- 
thiazole, previously reported by Collier aud Water- 
house for a normal strain of staphylococcus, was 
also found in those of the present strains of staphy- 
lococci not already resistant to sulphathiazole. 

The relative ineffectiveness of the dibenzyl- 
pteridine in vivo, as compared with its performance 
in vitro in a synthetic medium, is at least partly 
explained by the antagonistic action of serum. This 
finding contrasts with the failure of oxalated horse 
blood to antagonize markedly the action of pteri- 
dines against Str. faecalis (Collier and Waterhouse, 
1952). 


SUMMARY 


1. Strains of Staph. aureus made separately resis- 
tant in the laboratory to sulphathiazole, penicillin, 
and dibenzylpteridine respectively, showed no 
cross-resistance. 

2. Exposure of serial subcultures to a mixture 
of dibenzylpteridine and sulphathiazole produced 
resistance less readily than did exposure to either 
drug separately, or to penicillin alone. 

3. Resistance to dibenzylpteridine was found in 
one of four naturally occurring penicillin-resistant 
strains. 
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4. Two naturally occurring strains resistant to 
various antibiotics and to sulphonamides were sen- 
sitive to dibenzylpteridine. 

5. A mixture of dibenzylpteridine and sulpha- 
thiazole given by mouth protected rabbits against 
infection with a moderately penicillin-resistant 
strain of Staph. aureus. Penicillin was also effec- 
tive when given intramuscularly in high doses. 


6. Dibenzylpteridine protected mice against two 
multiple-resistant strains of Staph aureus, but was 
less effective than chloramphenicol, when both 
drugs were administered by mouth. 


7. Some antagonism of dibenzylpteridine by 
serum was demonstrated in vitro. 
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(RECEIVED JANUARY 8, 1952) 


As part of a programme of research into the 
chemotherapy of virus infections, the need arose 
for a simple preliminary test which would select 
from numerous compounds, often available in only 
small amounts, those which might be of value in 
the chemotherapy of virus disease. The use of 
experimental virus infections in embryonated eggs 
is now widely accepted for such purposes and 
several techniques have been described. The aim 
of this work was to develop one such technique 
and to establish its value by using compounds 
known to affect virus proliferation—a condition 
which restricted investigation to viruses of the 
psittacosis-lymphogranuloma group’ (Findlay, 
1951). 

In investigating this group of viruses in embry- 
onated eggs most workers have grown the virus in 
the yolk sac, into which they have also introduced 
the compound under investigation, and have 
measured antiviral action in terms of the extended 
life of the embryo. The practical disadvantages 
of this method are that frequent inspection of the 
embryo is necessary to determine the time of 
death, and that death must be demonstrated as 
being due specifically to virus multiplication. This 
latter usually involves the staining and examination 
of yolk sac smears—a somewhat tedious process. 

These disadvantages could be overcome if a virus 
typical of the psittacosis-lymphogranuloma group, 
which would produce well-defined lesions suscep- 
tible of visual assessment, could be grown on the 
chorioallantoic membrane, the compound being 
given by some alternative route. For reasons of 
convenience the choice of virus was directed to 
those not pathogenic to man. Earlier attempts to 
establish mouse pneumonitis (Nigg) virus, by serial 
passage on the chorioallantoic membrane of virus 


from mouse lung, were discouraging. Learning of 
this difficulty, Mr. W. M. Brownlee, a veterinary 
colleague, aware of the discovery of a virus asso- 
ciated with ewe abortion (Stamp, McEwen, Watt, 
and Nisbet, 1950), drew attention to its possible 
suitability and obtained pathological specimens 
from a local case of the disease. The virus 
isolated from this material produced well-defined 
lesions on the chorioallantoic membrane and so 
was used to establish the test described. The use 
of this organism has been previously described 
(Dickinson and Inkley, 1951). 

Results obtained from the embryonated egg test 
have been compared with results obtained by 
Dr. Dickinson using Nigg virus in mice. This has 
made possible some quantitative assessment of the 
embryonated egg test. It is assumed that the use 
of mice in chemotherapeutic studies is generally 
accepted as providing information relevant: to 
disease in human beings. Details of the mouse- 
tests are given in the Appendix. 


MATERIALS AND METHODS 
Abortion Virus 


Primary Isolation of the Virus of Sheep Abortion— 
Smears of the foetal membranes, stained by Machia- 
vello’s stain, contained numerous elementary bodies, 
particularly in the region of the cotyledons. Portions 
of the cotyledons were ground in lemco broth to give 
an approximately 10% tissue suspension and centri- 
fuged at 1,000 r.p.m. for 10 min. Streptomycin was 
added to the supernatant fluid to make a final concen- 
tration of 1,000 u./ml.; penicillin was avoided, since 
at this stage it was felt that the organism might be 
penicillin sensitive. 

The inocuJum thus prepared was placed on to the 
chorioallantoic membranes of 10-day embryos (pre- 
pared by the dropped-membrane technique); after 
a further 7-day incubation at 37° the membranes 
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were covered with discrete small lesions 
(Fig. 1). An inoculum for a second 
passage was made by grinding one of 
these infected membranes in 5 ml. lemco 
broth, centrifuging the suspension so pre- 
pared at 1,000 r.p.m. for 10 min., and 
then filtering the supernatant fluid 
through a gradocol membrane of pore 
size 1 »; lesions were produced by dilu- 
tions of 1/10 and 1/100 of this filtrate. 


Properties of Abortion Virus—These 
are described by Stamp et al. (1950); in 
addition the following properties com- 
mend its use as a test organism. 


(1) Culture—After 20 passages on 
chorioallantoic membranes there was 
no apparent alteration in the lesions 
induced by the virus. Extremely high 
yields of virus were produced by yolk 
sac inoculation. 


(2) Freeze Drying—Virus suspen- 
sions, prepared by grinding infected 
chorioallantoic membranes or infected 
yolk sacs in broth, were successfully 
freeze-dried ; the yolk sac suspensions 
proved particularly effective in main- 
taining the viability of the virus. 


(3) Viability —Infected whole chorio- 
allantoic membranes suffered little loss 
of viable virus when kept at —20° or 
—70° for several months. Suspensions of infected 
yolk sac material in broth remained viable for 
months at —70° and were valuable as stock inocula 
for test purposes. 


(4) Response of Host——Uniform lesion patterns 
on the chorioallantoic membrane were consistently 
formed and were readily assessed visually. 


Nigg Virus 

Well-defined lesions on the chorioallantoic mem- 
brane were eventually obtained by the following pro- 
cedure. Yolk sacs of 10-day embryos were infected 
with Nigg virus, obtained by gradocol filtration (pore 
size 1 ») of a suspension of infected mouse lung. On 
death, each yolk sac was ground with 10 ml. broth 
and centrifuged at 2,000 r.p.m. for 10 min. The virus- 
rich supernatant material was collected, the fatty layer 
being avoided, and this provided a suitable inoculum 
when diluted 1/10 in lemco broth. These yolk sac 
inocula, unlike those of abortion virus, were relatively 
labile and did not produce the desired lesion pattern 
when inoculated directly on to the chorioallantoic 
membrane after storing for 2-3 weeks at —70° ; they 
kept sufficiently well, however, to provide seed for 
yolk sac infection when fresh material was required 
(approximately one year at —70°). Their viability 
was maintained on freeze drying. 


Route for Drug-inoculation 
Since the virus was to be grown on the chorioallan- 
toic membrane, only the route for drug-inoculation 





Fic. 1.—Lesions produced by sheep abortion virus on the chorioallantoic membrane 


7 days’ incubation). Magnification = 2 


had to be decided. For practical reasons it had to 
be either the yolk sac or the allantoic sac. To com- 
pare the two routes the antibiotics aureomycin, chlor- 
amphenicol, and oxytetracycline (“ terramycin ”) were 
used. 

11-day embryos were given 0.2 ml. of aqueous two- 
fold dilutions of the drugs by one or other route. 
Abortion virus was placed on to the dropped chorio- 
allantoic membrane 2-3 hr. later. Groups of six 
embryos were used at each dose level. Incubation 
was continued for a further 7 days. Distinct end 
p’ nts were obtained. 


TABLE I 


RELATIVE EFFICACIES OF DRUGS BY DIFFERENT ROUTES 
OF ADMINISTRATION 





Inhibitory Dose* in mg./Egg 








Drug When Given by the When Given by the 
Yolk Sac Allantoic Sac 
Oxytetracycline a 0-062 | 0-25 
Aureomycin - 0-25 1-0 
Chloramphenicol .. | 1-0 1-0 


| 





* Dose which prevents the formation of lesions on the chorioallan- 
toic membrane. All compounds were toxic at 4-0 mg. /egg. 


As is shown in Table I, aureomycin and oxytetra- 
cycline are both more effective when given via the 
yolk sac. Some four times the amount of drug must 
be given into the allantoic sac to achieve the result 
obtained by yolk sac inoculation. With chloram- 
phenicol, however, this does not hold, and both routes 
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are equally effective. Although no explanation is 


offered, the results are consistent with the known - 


physiological functions of the allantoic sac and yolk 
sac. 

The superior sensitivity of yolk sac inoculation 
made this the method of choice. Subsequently, when 
it was found that 200 u. each of penicillin and strepto- 
mycin given by the yolk sac did not affect abortion 
virus or Nigg virus, the various compounds under 
test were dissolved or suspended in an aqueous 
penicillin-streptomycin solution (1,000 u. of each/ 
ml.). This practice is of great value, since many sub- 
stances are difficult to sterilize and the yolk sac is 
particularly susceptible to infection by bacteria. 


Method Finally Adopted 


Embryonated egg techniques are described by 
Beveridge and Burnet (1946). For convenience, the 
modifications found useful are described in detail. 

Embryonated eggs of 11 days’ incubation are 
candled, and on each a position, just clear of the 
main allantoic vein, is marked on the shell, so as to 
be on the greatest diameter of the egg; diametrically 
opposite this a second mark is made to indicate the 
position for yolk sac inoculation; the air space is 
also marked. It is convenient to use only eggs in 
which the air space is at the “ broad end” (normal). 
The shell is drilled for the yolk sac inoculation, 
sufficiently widely to permit the passage of a No. 12 
hypodermic needle ; the exposed shell membrane is 
clarified by one drop of hot wax (70°) which is then 
flattened to a very thin layer with a hot metal spatula. 
This latter procedure results in a sterile inoculation 
area and provides a good base for the subsequent 
wax seal. While awaiting introduction of the com- 
pound, this waxed area is kept downwards in order 
to orientate the yolk sac suitably. 0.2 ml. of a solu- 
tion or suspension of the compound in water, con- 
taining 1,000 u./ml. each of penicillin and strepto- 
mycin, is then introduced into the yolk sac. For this 
the waxed area is brought uppermost and the needle 
thrust sharply 1 in. into the egg, which is trans- 
illuminated from the end opposite the air space. 
The yolk sac is displayed quite distinctly and inocula- 
tion can be seen to be successful. Occasionally, on 
withdrawing the needle, a small amount of allantoic 
fluid escapes but readily runs off the waxed area. 
The hole is ‘hen sealed with hot wax. 

The egg, now containing the test compound, is drilled 
at the air space and a small triangle of shell is re- 
moved from the position marked near the allantoic 
vein. The chorioallantoic membrane is then “ dropped” 
by wetting the exposed triangle of shell membrane 
with one drop of sterile broth and gently parting 
the fibres with a ball-ended glass rod. The chorio- 
allantoic membrane usually falls away without further 
treatment. (Non-specific lesions resulting from this 
operation are extremely rare. The most common 
fault of the novice is the piercing of the chorioallan- 
toic membrane, with the subsequent formation of a 
bubble of air in the allantoic cavity ; in experienced 
hands this event is rare and about 100 eggs can be 


prepared in 20-30 min.) The virus inoculum is then 
deposited on to the “dropped” membrane, usually 
some 4-5 hr. after introducing the compound under 
test. The triangle of shell membrane is sealed with 
3 drops of hot wax, pressed on with a warm spatula 
to give a perfect seal. In early work the inoculum 
was 0.2 ml. of a broth suspension prepared by grind- 
ing a fresh infected membrane in broth and centri- 
fuging for 10 min. at 2,000 r.p.m., the supernatant 
fluid being made up to 20 ml. with broth. More 
recently, yolk sac suspensions, distributed in 1-ml. 
amounts and kept at —70°, have proved more con- 
venient and are diluted up to 20-25 ml. in broth when 
required. Even distribution of the virus is ensured 
by gently raising in turn each side of the tray contain- 
ing the sealed eggs. 

The eggs are then incubated for a further 7 days at 
37° and inspected daily to judge deaths resulting from 
the toxic effect of the various compounds ; this latter 
is not really necessary unless detailed information on 
toxicity is required. Twofold dilutions of the com- 
pound, to include the dose toxic to the embryo, are 
tested ; groups of six embryos at each level are suffi- 
cient to provide information. 

At the end of the test period, the eggs are opened 
under 2%, formalin by cutting the shell completely 
in half, the half containing the area of “dropped” 
membrane being retained. The membranes are 
stripped away from the shell and examined in petri- 
dishes. Lesions are readily obvious whilst stripping, 
and membranes bearing them can be discarded and 
the compound involved designated inactive. More 
careful scrutiny is applied to those with less distinct 
lesions. The embryos are not killed by the growth 
of the virus on the chorioallantoic membrane, and 
deaths can be related to the toxicity of the compound 
under investigation. It is not customary to examine 
the membranes from embryos which have died. 


RESULTS 


Several compounds, previously described as 
active against viruses of the psittacosis-lympho- 
granuloma group under various conditions and in 
clinical use, have been examined by the embry- 
onated egg test against both sheep abortion virus 
and Nigg virus. The results of the tests are 
summarized in Table II. Most of the figures were 
obtained from series in which twofold dilutions of 
drug were employed. It can be taken, where a 
figure is given as showing inhibition, that a dose 
of half that magnitude was inactive. A more exact 
measurement was not sought. Even so it is 
apparent that the order of effectiveness against 
both viruses is, on a weight basis, oxytetracycline> 
aureomycin>chloramphenicol. Both viruses 
appear to be equally sensitive to oxytetracycline 
and aureomy¢cin, but Nigg virus seems rather more 
resistant to chloramphenicol than does the virus 
of sheep abortion. 
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TABLE II 


EFFECT OF DRUGS ON VIRUS INFECTIONS IN 
EMBRYONATED EGGS AND IN MICE 





Inhibitory Dose* | *Activity in Mice 











(mg./Egg) | Against Nigg Virus 
Drug (Drug given 
Abortion Nigg Subcutaneously from 
Virus Virus Day of Infection)t 
a | 
Oxytetra- 
cycline .. 0-06 | 0-06 +++ (0-02 mg./g./day) 
Aureomycin | 0 25 | 0-25 ++ + (0-02 mg./g./day) 
Chlorampheni-| 
col al 1-00 | 2-00 + (0-02 mg./g./day) 
Penicillin Iaactive 6-66) 1-33 0-13 mg./g./day) 


( 
4,000 u./mouse/day 
(0-2 mg./g./day) 


+ Il ++ 


=:10,000 u. | =2,000 u. 

Sulphathiazole| Inactive 14-7| 14-7 

p-Aminoben- 
zoic acid 


Inactive 27-4| Inactive 27-4; 0 (2-0 mg./g./day) orally 


| 


* Dose which prevents the formation of lesions on the chorio- 
allantoic membrane. 

+ +, prolongation of life only; ++, no deaths, but lungs involved; 
+++, no deaths, lungs not involved. 





Nigg virus is sensitive to penicillin and sulpha- 
thiazole. Abortion virus is not affected by 
penicillin and sulphathiazole at comparable con- 
centrations: with penicillin, indeed, even five times 
the amount which inhibits Nigg virus is without 
effect. Neither virus is sensitive to p-amino- 
benzoic acid. 

It is further evident from Table II that, for Nigg 
virus, the results given by the in ovo test closely 
follow those obtained from the mouse test. Details 
of the mouse test will be found in the Appendix 
and Table III. 

Tests were also done in which the virus was 
established some time before the drug was intro- 
duced. For routine tests, however, this is un- 
desirable, on account of the extra hazards inherent 
in the manipulation of infected eggs. Results from 
tests in which the infection had been established 
for as long as 24 hr. were similar to those in which 
the infection followed drug inoculation ; but the 
mortality rate of embryos was very high, no doubt 
due to interference with respiration from the slowly 
absorbed liquid inoculum distributed around the 
chorioallantoic membrane. 


DISCUSSION 


In establishing the test described here for the 
examination of compounds for antiviral action, 
evidence has been obtained that in ovo tests are 
of value in chemotherapeutic studies of viral infec- 
tions. The quantitative nature of the test is well 
demonstrated for Nigg virus, which may be con- 
sidered a natural infection of mice. The disease, 
experimentally induced in mice by this virus, 
responds favourably to several of the compounds 
tested ; the response of the in ovo infection to 
these same compounds is always of a like order. 
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Several workers have studied other viruses on the 
chorioallantoic membrane, but none, so far as I 
am aware, were in a position to justify the method, 
since therapeutic agents active against the viruses 
they used were not available. 

There is reason to suppose, in view of the 
physiological nature of the yolk sac, that a com- 
pound given into this organ is carried by the blood 
circulation to the embryo and then to the chorio- 
allantoic membrane where it may be excreted into 
the allantoic sac. Thus the embryo itself experi- 
ences the toxic effects of the compound before it 
reaches the virus in the chorioallantoic membrane, 
so that the method affords a good measure of the 
therapeutic index of the drug—relative to the chick 
embryo. This may or may not be similar to the 
index obtained with a mammalian species. In 
contrast, when both compound and virus are intro- 
duced into the yolk sac the conditions favour the 
compound and, to this extent, such a test is more 
sensitive in determining the drug effect. The un- 
fortunate result in practice is that compounds may 
appear to be active by in ovo tests and yet prove 
ineffective by animal tests, so that in ovo tests 
come to be held in disregard. It is against such a 
tendency that this paper is largely directed, since, 
in the present state of viral chemotherapy, the 
embryonated egg serves as the most powerful 
available tool in a field of investigation which must 
inevitably be somewhat empirical. 

The use of abortion virus as a test organism in 
the search for chemotherapeutic agents against 
larger viruses suffers the disadvantages inherent in 
the use of any organism regarded as typical of a 
group. It would be better if attention could be 
directed to the particular disease organism for 
which therapy is sought. As a_ convenient 
experimental tool, however, the abortion virus 
possesses advantages, despite the fact that its sen- 
Sitivity to chemotherapeutic agents is somewhat 
different from that of the Nigg virus. 


SUMMARY 


1. An embryonated egg test for the detection of 
antiviral agents is described. Its advantages and 
limitations are discussed. 


2. Several compounds, known to affect the multi- 
plication of large viruses, have been examined by 
this method against the viruses of sheep abortion 
and mouse pneumonitis (Nigg). 


3. A comparison of the egg test and a mouse 
test (described in the Appendix) has been effected 
for Nigg virus, and a correlation which is 
markedly quantitative has been demonstrated. 
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4. The isolation of the strain of abortion virus 
used is described, and its advantages as a test 
organism set forth. 


5. The value of embryonated egg tests in the 
present stage of viral chemotherapy is _ re- 
emphasized. 


The author is indebted to Dr. Léis Dickinson for the 
primary isolation of the strain of abortion virus used 
in this work; for her keen interest in the development 
of this test; and for permission to quote the results of 
her mouse experiments, given in detail in the Appendix. 

He is also indebted to Mr. W. M. Brownlee for his 
help in obtaining the pathological specimens; Dr. A. D. 
McEwen for helpful information on the abortion virus; 
Mr. G. Whiting for the photography; and the late Sir 
Jack Drummond, F.R.S.,and Mr. C. E. Coulthard, who, 
by their keen interest, encouraged this work. 
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APPENDIX 


TESTS AGAINST MOUSE PNEUMONITIS 
(NIGG) VIRUS IN MICE 


By Lois DICKINSON 


In vivo tests against mouse pneumonitis (Nigg) 
virus were carried out in order to compare the 
results of the in ovo test, described in the paper, 
with results obtained when the compounds were 
tested against the infection in mice produced by 
this organism. 


METHODS 


0.05 ml. of a suspension of Nigg virus in lemco 
broth was given intranasally to groups of 20-g. albino 
mice under light anaesthesia. The stock virus con- 
sisted of infected lungs ground with 5 ml. broth per 
lung. This material was mixed with an equal volume 
of 10% glucose and freeze-dried in 1-ml. amounts. 
For tests, each ampoule was made up to 10 ml. and 
used undiluted, preliminary titrations indicating that 
this amount would kill most mice and _ infect 
all. All mice receiving 1/10th this dose showed in- 
fected lungs after 12 days, but only about 25% died 
(Table Ill). In every experiment the control group 
was the last group to be infected. 

Treatment was commenced 1 hr. before infection, 
except where otherwise stated, and drugs were given 


twice daily, either subcutaneously or by stomach tube, 
for 12 days. Survivors were killed at 12 days and 
the lungs examined for evidence of infection. Lungs 
showing total consolidation were assessed at 4 (5 if 
death had occurred) and values of 3, 2, and 1 given 
for lesser consolidation. When the drugs had a pro- 
nounced effect on survival time, several mice were 
left on test for 10 days after the cessation of treat- 
ment to see whether the disease “ flared.up.” 





























TABLE III 
DRUG ACTION AGAINST NIGG VIRUS IN MICE 
Survivors’| Flare-up Test 
Dose/Day Survivors} Average 
Drug in at Lung Infected 
mg /g. 12 Days | Assess- | Deaths} Lungs of 
ment Survivors 
Test 1 (a) Normal ay Dose of Virus 
Penicilin.. | 1,000 u /mouse 10 2-3 
(3.C.) 
Contro’'s .. 1/10 4-6 
(b) High Infecting Dose of Virus | 
Penicillin . | 1,000u /mouse| 2/18 — 
(S.C.) 
Controls .. 1/18 — 
Test 2 
Penicillin. . <2 mouse} 15/19 3-0 4/7 3/3 
) 
Sulpha- 0-4(S.C.) 18/20 1-6 4/8 3/4 
thiazo‘e 
2 16/20 0-5 _ — 
p-Amino- 2-0 (oral) 3/10 3-5 — —- 
benzoic acid : 
Control .. 6/20 3-4 — — 
Test 3 
Chloram- 0-2 (oral) 11/11 — 0/11 3/11 
phenico! 
% “02 10/10 1-1 — _ 
9 _ | 0-0 2(S. Cc.) 7/8 1-0 — 
Aureomycin| 0-1 (oral) 10/10 _ 0/10 0/10 
i = 10/10 0 — — 
- 0-02 (S.C.) 9/9 0 — 
Oxytetra- 0-05 (oral) 10/10 — 0/10 0/10 
cycline 
ee 0-02 10/10 0 — a 
me 0-02 (S.C. ) 1 /10 0 — — 
a 0-02 (neutra‘) 10/11 0 — — 
Contro’'s.. 4/12 3-0 —_ _ 
Controls 8/12 2:1 — _- 
(1/10th in- 
fecting dose 
of virus) 
Test 4 
Drugs for Four Oral Doses ae One Day after Infection 
Chloram- 0-8 (total dose 8/10 2:1 _- —- 
phenico! 
Aureomycin| 0-4 ,,_,, 9/10 1-7 — = 
Oxytetra- Pe we 10/10 i-S | ae _— 
—- 
Controls . 4/12 3-0 | — — 
RESULTS 


All results are given in Table III and indicate 
the efficacy of oxytetracycline (‘ terramycin ”), 
aueromycin, and chloramphenicol in that order. 
All these drugs suppressed the development of lung 
lesions, but a higher dose of chloramphenicol was 
required. Both oxytetracycline and aureomycin 
were effective at 0.02 mg./g./day orally or sub- 
cutaneously, and prevented the development of the 
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disease for 10 days after treatment had ceased, at 
0.05 and 0.1 mg./g./day respectively. Previous 
work had shown that 0.02 mg./g. aureomycin was 
not effective against a high infecting dose of the 
virus and 0.01 mg./g. did not protect mice ‘signi- 
ficantly in the normal test. 

When treatment was limited to four doses start- 
ing one day after infection, all three drugs still 
exerted some protective action. A total dose of 
0.8 mg./g. choramphenicol was less effective than 
0.4 mg./g. aureomycin or 0.2 mg./g. oxytetra- 
cycline ; there were no deaths in the oxytetra- 


cycline group, but the lungs showed evidence of 
infection. 

The results with penicillin indicate the necessity 
for giving the maximum dose if an effect is to be 
noted ; the effect was not observed when 400 
u./mouse was given, and even 1,000 u./mouse had 
no effect if the infecting dose of virus was high. 
This drug only delayed death and did not markedly 
suppress lung lesions. 

Sulphathiazole suppressed lung lesions to some 
extent, but was not nearly so effective as the anti- 
biotics. p-Aminobenzoic acid was inactive. 
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THYROID AND HYPERGLYCAEMIA PRODUCED BY 


ADRENALINE AND 


NORADRENALINE 


BY 
U. TRENDELENBURG 


From the Department of Pharmacology, University of Oxford 


(RECEIVED JULY 31, 1953) 


The hyperglycaemia produced in rabbits by sub- 
cutaneous injection of adrenaline has often been 
stated to be augmented by thyroid feeding. There 
have been repeated suggestions that the destruction 
of adrenaline in the body, in some organs at least, 
depends on the action of the enzyme amine 
oxidase, and Burn (1952a) has recently emphasized 
findings which are consistent with this idea. The 
possibility thus arose that the augmentation of 
adrenaline hyperglycaemia by thyroid feeding 
might be due to a diminution in the amount of 
amine oxidase in the liver. Spinks and Burn 
(1952) found that a fall in amine oxidase took 
place after two weeks of thyroid feeding ; and, 
further, that the operation of thyroidectomy, both 
in rabbits and in rats, was followed by a rise in 
the amount oi amine oxidase in the liver. 

The fall in liver amine oxidase was not large, 
and it was impossible to say with certainty that 
it accounted for the increase in adrenaline hyper- 
glycaemia. Now noradrenaline is less effective 
than adrenaline in causing hyperglycaemia, as was 
first shown by Schiimann (1949). Noradrenaline 
is also less effective than adrenaline in constricting 
the vessels of the rabbit ear, in dilating the pupil 
of the cat’s eye, and in contracting the nictitating 
membrane : Burn and Robinson (1951) explained 
these observations by their finding that nor- 
adrenaline is more readily oxidized by amine 
oxidase than is adrenaline. Such an explanation 
would attribute the smaller hyperglycaemic action 
of noradrenaline to more rapid destruction by 
amine oxidase in the liver. Thus, thyroid feeding 
might be expected to augment noradrenaline hyper- 
glycaemia to a greater extent than it augments 
adrenaline hyperglycaemia 

Experiments have therefore been carried out to 
determine : 

(1) the dose-response curve for the hyper- 
glycaemia produced by adrenaline in normal 
rabbits ; 


(2) the amounts of adrenaline and noradrenaline 
equiactive in producing hyperglycaemia in normal 
rabbits ; 

(3) the effect of thyroid feeding on the hyper- 
glycaemia produced by amounts of (a) adrenaline, 
(5) noradrenaline, which were roughly equivalent 
in normal rabbits ; 

(4) the effect of thyroid feeding on the amine 
oxidase in rabbit livers ; 

(5) the effect of small doses of ephedrine—which 
is known to inhibit amine oxidase—on the hyper- 
glycaemi. produced by Adrenaline. 


METHODS 


Rabbits of various breeds and both sexes were taken 
at random from stock. Their weight varied from 
1.5-2.5 kg. They were fed on a mixed diet of bran 
and whole cereal with addition of some cabbage. For 
thyroid feeding, dried thyroid was given by stomach 
tube for a period of 14 days with 1-2 days’ interval, 
so that the daily intake amounted to 200 mg. irrespec- 
tive of body weight. 


Determination of Blood Sugar.—For an experiment 
six rabbits were kept without food for 18 hr. Blood 
was removed from the ear veins, mixed with small 
amounts of potassium oxalate, and the blood sugar 
estimated by a combination of Somogyi’s (1930) 
method of precipitating the proteins with Hagedorn- 
Jensen’s (1923) method of sugar estimation. Each 
determination was done in duplicate and the mean 
calculated. For the estimation of the initial value 
2 x 0.5 ml. blood was removed; after the sub- 
cutaneous injection of adrenaline or noradrenaline 
2 x 0.1 ml. blood was taken at intervals of 1, 2, 3, 
4, and 5 hr. and the samples pooled. In half of the 
rabbits adrenaline was tested on the 13th day of 
thyroid-feeding, and noradrenaline on the 15th day. 
In the other half the order was reversed. The means 
were taken to be valid for the 14th day. A corre- 
sponding cross-over method was applied in the control 
experiments, before thyroid feeding began. With one 
exception not more than two experiments were done 
within a week. All values refer to L-adrenaline and 
to L-noradrenaline. 
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Determination of Amine Oxidase-——Rabbits were 
stunned by a blow on the head and bled to death. 
The left liver lobe was removed immediately and 
tested at once or kept at —10°C. for not more than 
two days. For the manometric determination the 
method described by Spinks and Burn (1952) was 
adopted which consisted of the incubation of 50 ing. 
homogenized liver suspended in phosphate buffer 
(pH 7.4) with M/50 tyramine in the presence of 
M/100 semicarbazide and N-KOH (in the centre 
well). The oxygen uptake was measured for 30 min. 
and plotted in 5-min. intervals. The uptake between 
the Sth and 20th min. after tipping was measured and 
calculated as ul. O2/100 mg. liver/15 min. 


RESULTS 


Dose-response Curve for Adrenaline—The 
effect of a given amount of adrenaline or nor- 
adrenaline was measured by subtracting the initial 
blood sugar from the mean value during the five 
hours after injection, and expressing this difference 
as a percentage of the initial blood sugar. In 
order to find a suitable way to measure an increase 


TABLE I 


HY PERGLYCAEMIC ACTION OF ADRENALINE IN NORMAL 
RABBITS EXPRESSED .~ PERCENTAGE BLOOD SUGAR 
NCREASE 





Dose of Adrenaline (s c.) in ug ‘kg 








Rabbit |———- - -—___—___—— ens cohen 
| 30 6o | 120 | 240 | 480 
1 | 73 | 116 49-1 59-8 161-7 
2 | 298 | 51-2 48-9 90-6 158-6 
3 | 173 76-5 72-7 165°1 227-0 
4 | 73 78-7 | 771 154-2 178-2 
5 35 | 198 | 93-4 | 1048 | 162-0 
6 49 | 418 | 800 128-6 | 210-8 
“Mean! 117 | 466 | 70-2 117.2 183-1 





in sensitivity, the relation between dose and 
response was determined. The details of the 
experiments are given in Table I. _ Fig. 1 relates 
the mean effect in six normal rabbits to each of 
five doses of adrenaline, plotted on a logarithmic 
scale. Statistical calculation showed that the 
regression line did not depart significantly from 
linearity. Over this dose range doubling the dose 
always increased the response by 41.3%. 


Adrenaline and Noradrenaline Equivalence.— 
Since Ellis (1951) found that the dose-response 
curve for noradrenaline was parallel to that for 
adrenaline, a dose-response curve for nor- 
adrenaline was not determined on so many rabbits 
as was that for adrenaline. Experiments in four 
rabbits showed that the mean percentage blood 
sugar rise was 24.1 for 125 yg./kg., 35.8 for 
250 wg./kg., and 57.9 for 500 yg./kg. 

The relation between the hyperglycaemic effect 
of adrenaline and noradrenaline was determined 
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Fic. 1.—Dose response curve for hyperglycaemic action of adrenaline 
in 6 normal rabbits. Each cross represents mean response of 
all rabbits. 


from observations in 14 rabbits which were tested 
both with 60 wg./kg. adrenaline and with 
250 ywg./kg. noradrenaline. These doses were 
chosen because they produced effects of a similar 
order. The results are given in Table II (rabbits 
Nos. 7-20). The mean effect of the injection of 


TABLE II 


HYPERGLYCAEMIC RESPONSE TO 60 ug./kg. ADRENALINE 
AND TO 250 ug. /kg- NORADRENALINE BEFORE AND AFTER 
14 DAYS OF THYROID FEEDING 


The response is expressed as the percentage blood sugar increase 




















| 
Adrenaline Noradrenaline 
Rabbit ee mo" - 

| itier- ifler- 

| Before | After om: | Before After a 
7 | 190 | 336 | +146 | 266 | 20-6 ~6-0 
. 39-7 | 61:5 | +218 | 360 | 42-4 +6°4 
9 | 34-1 | 93-1 +59-0 | 51-5* | 58-4 +69 
10 =| 20-41% | 83-8 | +63-7 | 29-3 | 19-6 ~9-7 
11 = |: 110-6* | 117-3. | +67 | 97-4* | 96-9 0-5 
12 | 79-0* | 146-2 | +67-2 | 63-6* | 49-5 14-1 
13 145-3* | 134-3 | —11-0 | 105-0* | 73-2 31-8 
14 79-6* | 965 | +169 | 39-:0* | 63-8 | +248 
15 73-4* | 92-3 | +18-9 | 28-2* | 21-0 —72 
16 78-4 | 86-5 +81 | 32-2 30-7 ~1'5 
17 | 44:4 | 63-2 | +188 | St1* | 21-8 29-3 
18 64-2 | 101-6 | +374 | 68-2* | 38-8 29-4 
19 | 93-2 | 1128 19-6 | 463% | 223 | —240 
20 | 398 | 563 | +165 | 25-7* 
21 | | 35-3* | 37-2 +19 
22s 24-9* | 18-7 —62 
23 | 256 | 21-7 3-9 
4 CO | 22-8 26-0 +3-2 
= | 34-2* | 19-7 | —145 

Mean 65:8 | 91-4 | +256 | 45-4 37-9 —75 














* Mean of two experiments. 
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adrenaline was a blood-sugar rise of 65.8%, and 
_ that of the injection of noradrenaline was a blood- 
sugar rise of 50%. The difference between these 
two effects was 15.8%. Since an increase of 
41.3% was produced by doubling the dose, it 
follows that the logarithm of the difference in 
potency between the doses of adrenaline and nor- 


adrenaline used was x log 2, which is 


41.3 
0.115%. Hence the difference in potency between 
the doses of adrenaline and noradrenaline used 
was 1.3. Thus | yg. adrenaline was equal to 
5.43 wg. noradrenaline in hyperglycaemic action. 


Effect of Thyroid Feeding—The effect of 
administering dried thyroid for 14 days is shown in 
Table II, where the change in the hyperglycaemic 
response is shown to 60 yg./kg. adrenaline in 
14 rabbits, and in the hyperglycaemic response to 
250 »wg./kg. noradrenaline in 18 rabbits. The 
hyperglycaemic response to adrenaline increased 
in 13 out of the 14 rabbits, while that to nor- 
adrenaline increased in 5 out of 18 and decreased 
in 13 out of 18. The mean change in the hyper- 
glycaemic response to adrenaline was an increase 
in the blood-sugar rise of 25.6%, so that the 
effect of 60 »g./kg. adrenaline in the rabbits after 
thyroid feeding was equivalent to that of 85 yg./kg. 
in the same rabbits before. The mean change in 
the hyperglycaemic response to noradrenaline was 
a decrease of 7.5% in the blood-sugar rise. Thus 
250 yg./kg. noradrenaline had an effect in the 
rabbits after thyroid feeding equivalent to 
220 »g./kg. in the same rabbits before. These 
changes in sensitivity to adrenaline and to nor- 
adrenaline were both significant (for adrenaline 
P<0.01 ; for noradrenaline P<0.05). 

The experiments thus showed that the difference 
in the hyperglycaemic action of adrenaline and of 
noradrenaline was exaggerated and not diminished 
by thyroid feeding for 14 days. Whereas in the 
control observations the mean ratio for equiactive 
amounts of adrenaline and noradrenaline was 1 to 
5.44 + 1.12, in the thyroid-fed animals the mean 
ratio was | to 9.78 + 1.13. 

The mean loss of weight due to thyroid feeding 
was 270 g., and did not exceed 500 g. in any one 
rabbit. There was no correlation between the loss 
of weight and the increase in sensitivity to 
adrenaline. 


Changes During Thyroid Feeding—When 
thyroid feeding was prolonged beyond two weeks 
Burn and Marks (1925) found that the hyper- 
glycaemic response to adrenaline decreased ; this 
change appeared to be due to the exhaustion of 


the liver glycogen reserve, as described by Cramer 
and Krause (1913). 

Thus there were two phases in the effect of 
thyroid feeding on adrenaline hyperglycaemia, and 
it seemed probable that there were also two phases 
in the effect on noradrenaline hyperglycaemia. The 
change from one phase to the other might not 
coincide for the two substances, and the fall in 
the hyperglycaemic response to noradrenaline on 
the fourteenth day of thyroid feeding might have 
been preceded by a rise at an earlier stage. Experi- 
ments were therefore done to determine the 
responses to 250 yg./kg. noradrenaline on the 
third, seventh, and eleventh days of thyroid feed- 
ing. The results are given in Table HI. They 


TABLE III 


HYPERGLYCAEMIC ACTION OF NORADRENALINE 
EXPRESSED AS PERCENTAGE BLOOD SUGAR INCREASE 
ON SUCCESSIVE DAYS OF THYROID FEEDING 





Days of Thyroid Feeding 
Rabbit | — 




















0 3 | 7 | 11 14 

16 32:2 82:4 516 | 28-4 30-7 

17 51-1* 35-8 38-7 | 25-6 21-8 

18 68-2* 75-6 67-7 48-4 38-8 

19 46-3* 64:8 79-6 86-0 22:3 
20 25-7* 33-9 33-6 34-2 0 
24 22:8 45-2 38- 26-0 0 

Mean | 41-1 56-3 | 51-6 | 41-5 28-4 








* Mean of two experiments. 


show that the hyperglycaemia in five out of the 
six rabbits was increased during the first week and 
decreased in the second. Only one rabbit (No. 17) 
showed a decreased sensitivity to noradrenaline 
throughout the experiment. The _ individual 
maximal responses were observed between the 
third and the eleventh day, and Fig. 2 shows that 
the maximal mean effect was obtained on the third 
day, the difference from the controls being 
+15.2%. 

In another group of four rabbits tested with 
250 »g./kg. noradrenaline on the third day only, 
three showed an increased response, while one was 
less sensitive than before thyroid-feeding. The 
mean increase of response of all ten rabbits on the 
third day of thyroid-feeding was 14.3% ; this was 
significantly different from the controls (P <0.05). 
Thus the decrease in sensitivity to noradrenaline 
observed on the fourteenth day of thyroid-feeding 
was preceded by a significant increase in sensi- 
tivity during the first week. 

To compare the change in sensitivity to nor- 
adrenaline with that to adrenaline, five out of the 
six rabbits in Table III were given 60 p»g./kg. 
adrenaline on the seventh and fourteenth day. The 
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Fic. 2.—Changes in percentage blood sugar response to adrenaline 
and noradrenaline during thyroid feeding. Mean of controls 
taken as 0. The mean response of 6 rabbits to 250 ug./kg. 
noradrenaline (solid line) was increased during the first wee 
and decreased during the second. The mean response of 5 of 
these 6 rabbits to 60 ug./kg. adrenaline (broken line) increased 
gradually. The loss of weight (dot-dash) appeared during the 
second week. 

mean responses gradually increased, as shown in 

Fig. 2. 

From the seventh day onwards the rabbits began 
to lose weight (Fig. 2). The onset of loss in weight 
appeared to coincide with the decrease in sensi- 


tivity to noradrenaline. 


Relationship of Initial Blood Sugar to Hyper- 
glycaemic Response-——Hemmingsen and Marks 
(1932) showed that the percentage blood-sugar 
reduction after insulin increased with increasing 
initial value of the blood sugar. The opposite was 
found to be true for the adrenaline and nor- 
adrenaline hyperglycaemia. The higher the initial 
blood-sugar value, the lower was the response to a 
given dose. A correlation between the initial 
blood sugar and the response to 60 wg./kg. 
adrenaline was observed in 41 experiments in 
normal rabbits, and was found to be highly signi- 
ficant (P<0.001), the regression coefficient being 
1.838 + 0.418. This meant that the magnitude 
of a response to a given dose of adrenaline 
depended on the initial blood-sugar value. The 
same relationship was observed for 250 yg./kg. 
noradrenaline and 30 »g./kg. adrenaline. In Fig. 3 
the control rabbits were arranged in different 
groups according to their initial blood-sugar 
values, and the mean responses to 30 and 
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60 y»g./kg. adrenaline and to 250 ypg./kg. nor- 
adrenaline were plotted. The resulting curves 
were not parallel, the slope being steeper for 
60 wyg./kg. adrenaline than for 30 wg./kg. 
adrenaline. 250 »g./kg. noradrenaline, which had 
an intermediate action, showed an intermediate 
slope. Thus it was concluded that the slope of 
the curves did not depend on the nature of the 
substance injected but on its mean effect. 
Thyroid-feeding seemed to affect this relation- 
ship. As adrenaline was more effective after 
thyroid-feeding the curve representing the response 
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Fic. 3.—Relationship between initial blood sugar value and hyper- 
giycaemic response to (a) 30 yug./kg. adrenaline, (6) 250 yug./kg. 
noradrenaline, and (c) 60 ug./kg. adrenaline in normal rabbits, 
and (d) to 60 ug./kg. adrenaline after 14 days of thyroid feeding. 
Numbers in brackets denote number of estimations made. For 
further details see text. 
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to 60 »g./kg. adrenaline after thyroid-feeding was 
, expected to be steeper than that of the controls. 
It was, however, nearly horizontal (Fig. 3d), so 
that there was no correlation between initial blood- 
sugar value and response after thyroid-feeding. 
As this curve represented only a limited number 
of experiments, the difference between its slope 
and the slope of that for the controls (Fig. 3c) 
was not significant. 

These results showed that a comparison of 
responses without consideration of the initial 
blood-sugar value might lead to error. Care was 
therefore taken to ensure that the mean responses 
calculated in Tables I-IV referred to approxi- 
mately similar mean initial blood-sugar values. 
Thus, for instance, the mean initial blood-sugar 
value observed in the experiments with adrenaline 
before thyroid-feeding was 115.5 mg./100 ml. and 
after thyroid-feeding was 114.2 mg./100 ml. The 
corresponding values for the responses to nor- 
adrenaline were 115.5 mg./100 ml. and 114 mg./ 
100 ml. These differences were too small to 
affect the results shown in Table II. 


Changes in Amine Oxidase Activity of the Liver 
after Thyroid-feeding.—The determination of the 
amine oxidase activity of the livers of 14 control 
and 20 thyroid-fed rabbits confirmed the results 
of Spinks and Burn (1952), since amine oxidase 
activity fell from 96.5+3.68 yl. O,/100 mg. liver / 
15 minutes in the controls, to 86.55+3.09 pl. O,/ 
100 mg. liver/15 minutes after thyroid-feeding. 
Thus by thyroid-feeding the amine oxidase activity 
of the liver was reduced to 89.6% of the value 
for the controls, a small but significant fall 
(P<0.05). 


The Action of Ephedrine on Adrenaline Hyper- 
glycaemia.—Since ephedrine is known to inhibit 
the action of amine oxidase (Blaschko, Richter, 
and Schlossmann, 1937), ephedrine should augment 
the hyperglycaemic action of adrenaline, if this 
is limited by the amine oxidase present. Ellis 
(1951) found that ephedrine in amounts as great 
as 25 mg./kg. did not alter the blood-sugar level 
of the rat, and Riechert and Schmieder (1941) 
found no change during three hours after sub- 
cutaneous injection of 10 mg. ephedrine into 
rabbits. 

In a series of experiments on nine rabbits a 
single dose of 1 mg./kg. ephedrine was given sub- 
cutaneously 15 minutes before giving 60 pg./kg. 
adrenaline. No difference between the response 
to adrenaline and to adrenaline plus ephedrine 
was observed. 

As the effect of this single dose of ephedrine 
probably did not last for more than one hour, 


a second series of 12 rabbits was tested in a differ- 
ent way: 1 mg./kg. ephedrine was given sub- 
cutaneously 15 minutes prior to 60 pg./kg. 
adrenaline, and the same dose of ephedrine was 
repeated 60, 120, and 180 minutes afterwards. As 
Table IV shows, the combination of adrenaline 


TABLE IV 


THE POTENTIATION OF THE HYPERGLYCAEMIC ACTION 
OF ADRENALINE BY EPHEDRINE 


Figures are percentage blood sugar rise 





Adrena ine | 








| 

Rabbit P | , 
No. Adrena ine | plus Ephedrine | Difference 
26 59-5* | 114-5 +55-4 
27 58-6 | 74:3* +15-7 
28 40-7* 164-9 +124-2 
29 62-0 101-7* 439-7 
30 91-0 45-2* 45-8 
31 100-8 120-2 | +19-4 
32 24-1 51-6 +27-5 
33 53-8* 109-6 +55-8 
34 49-6* 67-6 +18-0 
35 61-9 98-5 +366 
36 71-0 92:4 +21-4 
37 45 0* 57:2 | + 12:2 
Mean 59-8 91-5 +31-7 





| | 


* Mean of two experiments. 





and ephedrine in this series was more effective 
than adrenaline alone in 11 of 12 rabbits. The 
mean increase in response was + 31.7% (P<0.02), 
the mean initial blood-sugar value being approxi- 
mately the same in both groups. Thus when a 
certain ephedrine level was maintained for more 
than three hours the effect of adrenaline was signi- 
ficantly potentiated. In the presence of ephedrine, 
60 pg./kg. adrenaline had the same _ hyper- 
glycaemic effect as 96 ug./kg. alone. This potentia- 
tion can be compared with the effect of thyroid- 
feeding, after which 60 wg./kg. adrenaline had 
the same effect as 85 »g./kg. before. 

The amine oxidase activity of the 12 rabbit 
livers of the experiments of Table IV was deter- 
mined and a calculation was made to see whether 
there was any correlation between amine oxidase 
activity and (a) the response to the test dose of 
adrenaline, (b) the potentiating effect of ephedrine. 
No correlation was, however, found. 


The Ratio of Equi-effective Doses of Adren- 
aline and Noradrenaline on the Isolated Rabbit 
Duodenum Before and After Thyroid-feeding—To 
find if thyroid-feeding affected the ratio of equi- 
active amounts of adrenaline and noradrenaline 
on the isolated rabbit duodenum in the same way 
as it affected the ratio of doses producing the 
same hyperglycaemia, the ratio was determined on 
the isolated duodenum of six control and six 
thyroid-fed rabbits. Table V shows that it did 
not change, and that the mean ratio agreed with 
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TABLE V 


RATIO OF EQUIACTIVE AMOUNTS OF ADRENALINE 

AND NORADRENALINE ON ISOLATED STRIPS OF DUO- 

DENUM TAKEN FROM CONTROL RABBITS AND FROM 
RABBITS AFTER 14 DAYS OF THYROID-FEEDING 





After 14 Days of 








Contro's |  Thyroid-feeding 
Ss 8-08 | 1: 0°85 
1:0°6 } 1:0-9 
1:09 1: 4-0 
1: 1-1 1: 1-0 
1:13 1:1-5 
1: 1-25 1: 0-42 
Mean 1: 1-01 biti ad 





the 1:1 value found by West (1947) and by 
Luduena, Ananenko, Siegmund, and Miller (1949). 
The minimal effective doses were not tested, but 
adrenaline and noradrenaline appeared to be more 
effective after thyroid-feeding, since a comparable 
relaxation of the intestine was obtained with about 
one-third of the normal dose. 


DISCUSSION 


The hyperglycaemia produced in rabbits by the 
subcutaneous injection of adrenaline is generally 
accepted as being a direct action of adrenaline on 
the liver. Miculicich (1912) showed that it was 
absent after the injection of ergotoxine, and this 
was confirmed by Burn (1915). Previous state- 
ments that thyroid-feeding increases adrenaline 
hyperglycaemia have now been confirmed, by 
determining a dose-response curve for adrenaiine, 
and then using a large group of rabbits for a study 
of the effect of thyroid-feeding. The administra- 
tion of 0.2 g. thyroid daily augmented the hyper- 
glycaemic response to adrenaline, so that at the 
end of two weeks the response to 60 yg./kg. was 
equivalent to the response to 85 yg./kg. initially. 

One explanation of this increased effect would 
be that thyroid-feeding led to a fall in the enzyme 
which destroys adrenaline. While the steps in 
the breakdown of adrenaline are not yet generally 
agreed, there is increasing evidence that amine 
oxidase is concerned. The work of Schayer and 
his colleagues (see Schayer and Smiley, 1953) on 
the fate of C’* labelled epinephrine has led them 
to the conclusion that amine oxidase plays a major 
role in epinephrine metabolism in the _ intact 
animal. Amine oxidase is present in the liver, 
and Spinks and Burn (1952) found that in rabbits 
fed with thyroid extract for 14 days there was a 
significant fall in the amine oxidase in the liver. 
Their observations have been confirmed in these 
experiments, and this suggests that the increase in 
adrenaline hyperglycaemia may indeed be due.to 
the decline in the amount of the enzyme. Further 
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support was gained for this view by finding that 
ephedrine potentiated adrenaline hyperglycaemia 
when 1 mg. was given before adrenaline and at 
hourly intervals after. This agreed with Gaddum 
and Kwiatkowski’s findings in blood vessels, nicti- 
tating membrane, and frog heart (1938). 


The mean potency of noradrenaline in raising 
the blood sugar was found to be 18% of that of 
adrenaline. The effect of thyroid-feeding was to 
increase its mean hyperglycaemic action more 
rapidly than that of adrenaline during the first 
three days ; but by seven days the increase in the 
adrenaline effect was the greater, and by two weeks 
the noradrenaline effect had declined below the 
initial value. This result did not support the 
expectation, outlined earlier, that thyroid-feeding 
would augment noradrenaline hyperglycaemia 
more than it augmented adrenaline hyper- 
glycaemia. It pointed to a difference in the action 
of the two substances. While adrenaline breaks 
down muscle glycogen to form lactic acid which 
is then converted to liver glycogen in the lactic 
acid cycle (see Soskin, 1941), noradrenaline does 
not have this action (Bearn, Billing, and Sherlock, 
1951; Russell, personal communication). The 
work of Geiger and Schmidt (1928) showed that 
the breakdown of muscle glycogen can play a part 
in the hyperglycaemic effect of adrenaline. They 
treated dogs for several days with phloridzin until 
the liver glycogen was greatly diminished. They 
found that adrenaline was still able to produce a 
rise of blood sugar, this being accompanied by a 
complete loss of muscle glycogen. Thus, while 
the blood-sugar response to noradrenaline depends 
on the liver glycogen only, that of adrenaline prob- 
ably depends on muscle glycogen as well. 


How great a fall in amine oxidase would be 
required to affect the adrenaline response is un- 
known. Evidence was obtained by Nachmansohn 
(1952) that conduction in nerve ceased only when 
almost the whole of the cholinesterase present was 
inhibited, and that the inhibition of a small pro- 
portion of the cholinesterase had no effect on 
function. Observations in other tissues show that 
this is not a general rule. A concentration of 
eserine 4 x 10-* g./ml. causes a prompt increase in 
the tone of a loop of rabbit duodenum (Burn, 
1952b) and a concentration of eserine 10°* causes 
the rate of isolated rabbit auricles to become 
slower (Burn and Kottegoda, 1953). In vitro 
experiments by Miss H. Shelley have shown that 
when ACh is used as a substrate the cholinesterase 
in the auricles was inhibited 15.4% by eserine 
3 x 10°° g./ml. and was not appreciably affected by 
half this concentration. 











460 U. TRENDELENBURG 


Another explanation for the hypersensitivity to 
adrenaline produced by thyroid feeding must be 
mentioned. The observed relationship of initial 
blood sugar and response to a given dose of adren- 
aline may be due to two or more factors. The 
utilization of glucose by extra hepatic tissue has 
been found to increase greatly with a rise in the 
blood sugar level. On the other hand, the liver 
maintains the blood sugar at a normal level by 
increasing the intake and decreasing the output of 
glucose (Soskin, 1941). These two different regu- 
lating mechanisms may well account for the 
smaller response to a given dose of adrenaline at 
a high initial value. 

The fact that after thyroid feeding the response 
to adrenaline does not depend on the initial blood 
sugar suggests an impairment of one or both of 
these regulating mechanisms. The effect of 
thyroid hormone on the utilization of glucose by 
extra hepatic tissues is unknown, while both the 
anterior pituitary hormones and insulin control 
the maintenance of the normal blood sugar level 
by the liver (Soskin, 1941). As thyroid hormone 
affects both the anterior pituitary and the BP cells 
of the pancreas (Houssay, Foglia, and Martinez, 
1946), it is possible that the increased adrenaline 
hyperglycaemia. is due to changes in the 
mechanisms which control the blood sugar. 


SUMMARY 


1. A dose-response curve has been determined 
for the hyperglycaemic action of adrenaline in 
normal rabbits. The response bore a linear rela- 
tion to the log dose. 

2. The dose-response curve for noradrenaline 
was parallel to that for adrenaline ; noradrenaline 
was found to have 18% of the action of adren- 
aline. 

3. The mean hyperglycaemic response to 60 jg./ 
kg. adrenaline was increased by feeding 0.2 g. 
thyroid daily for 14 days so that it became equal 
to the response to 85 yug./kg. before thyroid feed- 
ing. 

4. The mean hyperglycaemic response to 250 
pg./kg. noradrenaline was increased by feeding 
0.2 g. thyroid daily during the first three days to 
a greater extent than was the adrenaline response. 
Thereafter the noradrenaline response diminished, 
and at the end of 14 days was less than the initial 
response. 

5. The response to adrenaline in normal rabbits 
was found to depend on the height of the resting 
blood sugar. In thyroid-fed rabbits the response 


to adrenaline was independent of the height of the 
resting blood sugar. 

6. Ephedrine potentiated adrenaline hyper- 
glycaemia to about the same extent as did thyroid 
feeding when 1 mg. was injected 15 min. before 
the adrenaline and at hourly intervals for 3 hr. 
after. 

7. Thyroid feeding produced a fall of liver 
amine oxidase to 89.6% of the control value, this 
fall being significant, and approximately the same 
as that previously found. 


I am deeply indebted to Professor J. H. Burn for 
his guidance and encouragement throughout this 
investigation. 

The experiments were carried out during the tenure 
of a British Council Scholarship. 
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In two earlier papers we have described the 
protective effect of varying amounts of a number 
of antihistamines (Armitage, Herxheimer, and 
Rosa, 1952) and sympathomimetic amines 
(Herxheimer and Rosa, 1953) given by injection. 
This paper deals with experiments in which some 
of these substances were given by aerosol. In some 
other experiments the duration of the protective 
effect by injection was investigated in order to 
compare it with that following aerosol inhalation. 


METHOD 


Our method as previously described (Herxheimer, 
1952a ; Armitage et al., 1952) was modified. Instead 
of the protecting substance being injected, usually 
given one hour before exposure to the shocking agent, 
the animals inhaled it in an aerosol. The dosage of 
protecting substance was varied by altering either its 
concentration or the period of inhalation. The test 
substances were dissolved in a mixture of equal parts 
of water and propylene glycol. The aerosolization of 
the protective substances was produced by com- 
pressed air from a cylinder, the air pressure being 
controlled by a flowmeter and kept constant. In a 
few experiments a-commercial nebulizer was used, 
but in most a “midget scrubber” as described by 
Dautrebande (1951). These two instruments differ in 
that the droplets produced by the commercial nebu- 
lizer are larger, probably of a diameter between 1 and 
3 », while those produced by the midget scrubber are, 
according to Dautrebande, of more uniform size, with 
a diameter well below 1 ». The smaller droplets 
penetrate further into the lungs, but adhere less easily 
to the walls of the air passages. In addition their 
total weight, and therefore their action, is smaller 
than that of the larger particles. Though an exact 
comparison of both methods of nebulization is diffi- 
cult, we have tried to compare them clinically by 
measuring the effect of isoprenaline aerosols in mild 
induced attacks of asthma. Such a comparison 
showed that the aerosol with uniform droplet size 
below 1 » diameter is the less effective. 

The percentage retention of a drug inhaled as an 
aerosol will. depend partly on the amount of the drug 


inhaled. How much is inhaled will depend on the 
aerosol density in the aerosol chamber, the respiratory 
volume, and the dead space. Other factors include 
the aerosol density in the air passages, the size of the 
particles, their electrical charge, and the nature of the 
inhaled substance. 

Accurate data about the retention of aerosol in the 
lungs are lacking. Abramson, Reiter, Gettner, and 
Sklarofsky (1949) have found in experiments with a 
phenolsulphonphthalein aerosol in man that not more 
than one-tenth of the inhaled amount was retained. 
According to Dautrebande (1951) the output of the 
midget scrubber nebulizer at 8 lb./sq. inthe pressure 
we have applied—is 3 ml./hr. This equals 30 mg./hr. 
or 0.5 mg./min. of the substance used, if it is in 
1% solution. As the output of air by this instrument 
is 5 1./min. at the same pressure, the concentration 
of aerosol in the chamber will be approximately 
1 mg./10 1. 

According to Ainsworth (1953), to whom I am 
obliged for these data, the tidal air of a guinea-pig 
of 300-500 g. weight varies from 2-3 c.c., and the 
respiratory volume from 240-400 c.c./min. If these 
data are used as the basis of a very approximate 
calculation, the animal would inhale about 333 c.c./ 
min. of the aerosol containing 1 mg. of the drug in 
10 |. of air, or about 0.033 mg./min. It would retain 
one-tenth of this, namely about 3 wg. in one min., 
or 0.5 wg. in 10 sec. This calculated amount is 
probably a little too great, as the respiration of the 
guinea-pig is very shallow (resp. rate 110-144/min.) 
and the proportion of.dead space ventilation in the 
respiratory minute volume therefore high. Our calcu- 
lation shows that the amounts of drug retained during 
short periods must be very small indeed. They are 
smaller than the lowest doses of sympathomimetic or 
antihistaminic substances which gave definite protec- 
tion by intramuscular injection (Armitage et al., 1952 ; 
Herxheimer and Rosa, 1953). 

The guinea-pigs were sensitized with egg albumin 
as in our previous experiments. Shock exposure was 
always by aerosol through the same commercial 
nebulizer at the same pressure. 

Before a typical experiment the aerosol chamber is 
filled with the protecting aerosol. Some animals are 
then transferred into the chamber and left there, the 
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aerosol flowing through the chamber at a constant 
ate for the period intended. At the end of this 
period the chamber is lifted off its base and quickly 
ventilated, the animals removed, the chamber replaced 
and filled with albumin aerosol for the shock experi- 
ment. The animals are then put back into the cham- 
ber and the preconvulsion time is determined. In 
each animal the “ percentage protection”’ index was 
calculated by the modified method described by Herx- 
heimer and Rosa (1953). 

The substances used were tripelennamine, prometh- 
azine, diphenhydramine, chlorcyclizine, isoprenaline, 
adrenaline, noradrenaline, ephedrine, and amino- 
phylline. Detailed dose-response relationships were 
investigated only for one antihistamine (tripelenn- 
amine), one sympathomimetic amine (isoprenaline), 
and for aminophylline. The duration of the protec- 
tive effect after injection was investigated with pro- 
methazine, diphenhydramine, chlorcyclizine, and 
aminophylline. 

RESULTS 


The experiments with tripelennamine (Table I) 
show that aerosol inhalation for only one minute 
confers a definite, though not very strong, protec- 
tion. Inhalation of a 1% solution for 3 min. gives 
about as strong a protection as an intramuscular 
injection of 1.0 or 3.0 mg./kg. No greater pro- 
tection is given if the 1% solution is replaced by 
the 2% solution, or if the inhalation period is 
extended to 15 min. 

The protection thus achieved is of short dura- 
tion. One hour later it had decreased, often con- 
siderably, whatever the period of inhalation. Two 
hours later there was no longer evidence of pro- 
tection in two out of three experiments. In the 
third, protection was still present but very weak. 
By contrast, after injection of 1 mg. or 3 mg./kg. 
a significant degree of protection was still present 
4 and 6 hours later (Table I). 

Diphenhydramine, chlorcyclizine, and _pro- 
methazine (Table I) were examined in less detail. 
A 2% diphenhydramine aerosol gave no significant 
protection when inhaled for 5 or 10 min. If this 
period was extended to 15 or 30 min., the protec- 
tion given was pronounced, about the same as that 
estimated for intramuscular injection of 2.0 mg./ 
kg. and that obtained for 6.0 mg./kg. Two hours 
after inhalation no significant protection was 
present. When 6 mg. was injected intramuscularly, 
protection was still at its maximum after 6 hr. but 
had decreased sharply after 8 and 12 hr. After 
the injection of 2 mg./kg. no protection could be 
found after 8 hr. 

Inhalation of 0.5% promethazine gave no protec- 
tion after 2 min., but good protection after 5 min. 
The 3% solution gave a very high protection after 
inhalation for 10 min. When the animals were 


exposed for 30 min., they became dyspnoeic whilst 
in the promethazine aerosol. The same happened 
to two out of five animals breathing a 10% 
aerosol for 15 min. The duration of this protec- 
tion was not followed up, but that following intra- 
muscular injection was found to remain at or near 
its maximum for at least 12 hr. After 17 and 224 
hr. it was weak but still present. 


























TABLE I 
EFFECT OF ANTIHISTAMINIC DRUGS ON ANAPHYLACTIC 
MICROSHOCK 
S. 4 Interval 
Substance £6 o~ «| Protection between 
and Route} Y |-25 Bel «a + Drug and 
of Admin- | 33 Saeclg 2 = OE Sentent ey 
istrati £3|3sf'=/ 0-5 os rror to Shoc! 
stration |SEsla= -|AfE| ze (min.) 
Tripelennamine 
(a) Aerosol 1 5 40-44 3-7* 0 
1 5 24-8 +10°8 0 
1 3 3} 590+ 9-2* 0 
3 60-0+ 1-2* 0 
1 5 31 | £64-0+ 3-5* 0 
3¢ {68.7 6:3* 0 
2 5 3 780+ 4:4* 0 
2 15 5 63-0+10-9* 0 
1 5 6 52:74 3-9* 60 
1 5 6 10:-7+ 8-9 120 
2 5 6 34-0+ 8-0* 60 
z 5 6 25:3+ 8-9* 120 
2 15 7 48-9 + 10-9* 60 
2 15 6 8-3+10°1 120 
2 15 5 23-0+ 10-5 300 
(b) Injection 1-0 5 62:2+ 8-2* 60 
1-0 6 250+ 8-7* 360 
3-0 5 54-2+ 8-4* 60 
3-0 5 59-8+ 2-9* 240 
Diphenhydramine 
(a) Aerosol 2 5 6 31°5+13-4 0 
2 10 5 20:2+17°4 0 
2 15 6 59-3+ 6:°9* 0 
2 30 7 45:4+10°1* 0 
2 15 5 |— 66+14-7 120 
(6) Injection 0-9 7 33-34 3-2* 60 
2-01 6 17-3 +11-53 60 
6-01 6 44-7 9-7* 60 
2:0 6 —11-3+ 8-4 480 
6-0 4 67-0+ 7-5* 360 
6:0 5 37:24 9-8* 480 
6-0 6 32-3+ 7-0* 540 
Promethazine 
(a) Aerosol 0-5 2 7 17-9 +. 14-5 0 
0-5 5 6 51-3+ 4:3* 0 
3 10 5 66-2+ 4-9* 0 
10 15 2 69-0 7:0 0 
(b) Injection 0-751 6 68°8+ 7:4* 60 
0-751 7 75-6+ 5-1* 60 
1-51 7 66°0+ 6:-7* 60 
1-0 5 75-2+ 6°6* 390 
1-0 5 700+ 4-6* 510 
1:0 6 56:7+ 7-0* 540 
1-0 6 21°2+10°1 1,020 
1-0 6 20-8+ 6-1*] 1,350 
Chlorcyclizine 
(a) Aerosol e > | 5 1-6+11-9 0 
2 15 3 3-3+12°7 0 
5 15 5 69-0+ 7-52* 0 
(b) Injection 6-01 5 58-2+ 2-4* 60 
6-0 6 30:7+11-1* 480 
6:0 4 50-0+ 8-2* 720 























* Statistically significant protection: 

1 Experiment taken from earlier work (Armitage ef al., 1952). 
2 All animals dyspnoeic in chlorcyclizine aeroso!. 

3 Estimated protection 449. 
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Inhalation of a 2% chlorcyclizine solution gave 
no protection. If a 5% solution was used, all 
animals became slightly dyspnoeic but were never- 
theless well protected. After intramuscular injec- 
tion of 6 mg. chlorcyclizine a moderate protection 
was observed after 8 and 12 hours. 

The protection given by 90 to 105 sec. of 1% 
isoprenaline (Table II) was strong, but it dis- 
appeared almost completely after 30 or 60 min. 
Even inhalations as short as 10 and 15 sec. gave a 
mild but definite protection. The experiments with 
1% adrenaline (Table II) gave similar results. The 
effect of noradrenaline was weaker (Table II). 

Ephedrine hydrochloride 1% given for 15 min. 
caused dyspnoea. The 4% aerosol had no such 
effect and gave a limited protection. 

The experiments with aminophylline (Table III) 
had no clear result. By contrast with the anti- 


TABLE II 


EFFECT OF SYMPATHOMIMETIC DRUGS ON ANAPHY- 
LACTIC MICROSHOCK 
































S i Fe, Interval 
Substance ES - el @ Protection between 
and Route| ¥Y =3 ox |5"s + Drug and 
of Admin- | 24 235 |38 0 4: Standard Exposure 
istration | Sas A= 3 ge z $5 Error . — 
\Y at —o me | min. 
Isoprenaline | 
(a) Aerosol! | 1 | 10 5 28-0 4-12-2 0 
eae 4 33-34 6-8* 0 
} 1 15 5 36:4+10-9* 0 
1 30 5 45:2+ 7-0* 0 
1 30+15! 2 68-0 0 
1 90+151 3 85-74 oe S 
1 90 +15! 9 19+ 4- 0 
1 9)+151 6 17-5+12°8 60 
(b) Injection! 0-1 | 32 | 85-3+14-7* 15 
0:1 72 68-4+ 5-0* 15 
0-1 | 3 83-7+ 1-°8* 30 
0-1 | 5 72°2+ 9°2* 60 
| 0-1 | 3 44-7+ 4-1* 180 
| 0-1 | 3 30°3+15°9 360 
Adrenaline 
(a) Aerosol | 1 10 5 530+ 9-6* 0 
| 1 15 5 69:7+ 6:0* 0 
1 20 4 65-0+.13-7* 0 
1 69 5 79°2+ 1-4* 0 
1 9)+151 6 47-3+ 2-1* 3. 
1 99+151 4 40°5+ 6°6* 30 
1 9)+151 4 13-8+ 7-6 60 
(6) Injection 0-2 | 72 57-1+ 5-8* 15 
0-2 |4 350+ 9-0* 60 
0-2 |6 66:°8+ 4-4* 60 
| 0-2 | 4 52:5+ 6°4* 120 
0-2 3 11-7+ 7°5 180 
0-2 | 3 71°6+23°5 180 
02 )5 54-4 +21-6 240 
Noradrenaline 
Aerosol | 1 20 5 $§2°2+ 5:-2* 0 
1 20 - 4 $0°$+ 7:-1* 0 
1 60 5 41-4+ 8-4* 0 
1 60 6 §2°:2+ 8-1* 0 
i 1 |120 3 75-04 * 0 




















* Statistically significant protection. 

1 After 90 sec. exposure the inflow of aerosol was stopped and the 
animals allowed to remain 15 sec. longer in the aerosol chamber. 
In the other experiments they were removed immediately 

2 Experiment taken from earlier work (Herxheimer ef Rosa, 1953). 
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TABLE JII 
EFFECT OF AMINOPHYLLINE ON ANAPHYLACTIC 
MICROSHOCK 
| 
'S a . a. een 
Rout £6 ~ ~ rotection etween 
of pu yy l2e.| BH es + Drug and 
, , og Sq e/99- C¢€ Standard Exposure 
istration |ES~\|£ 8.5123 w » oe 
SES |ZEE|2ee| SE Error to Shock 
VeD/QeSIO8S| Ze (min.) 
Aerosol .. 1 10 5 350+ 8-3* 0 
1 60 5 50°6+ 8-2* 0 
2 10 4 430+ 9-0* 0 
2 | 30 4 | 41-04 5-7* 0 
a 3 3 11-7+10-9 0 
Ss | 5 3 10-3+11-7 0 
5 | 10 5 47-24 8-0* 0 
5 15 3 4i-3+ 2:8* 0 
3 20 | 4 538+ 2:3* 0 
5 | 20 | 4 | 5.-3412-8* 0 
5 60 | 3 | 22°34 1-8* 
| 1251] 16 | 2 | 16°5+18°5 0 
| 12:5] 20 | 5 | 18:5413-1 0 
12-5| 20 | 2 | wW5+ 05 0 
12:5| 30 5 | 48-64 9-6* 0 
Leen 12.5| 6) 4 2-0+10-4 | ) 
Injection 100 4} 10)-0* 20 
100 6 83-0+ 3-0* 60 
100 4 6 0+22:°0 300) 
| 100 5 37-4+17°6 360 














* Statistically significant protection. 
1Experiment taken from earlier work (Herxheimer and Rosa, 1953). 


histamines no dyspnoea occurred with the higher 
concentration used (124%), but the protection given 
even by long exposures was slight or absent. The 
lower concentrations (1%-5%) seemed to give the 
same or even a better protection than the higher 
ones regardless of the period of exposure. In no 
instance did the percentage protection reach the 
maximum values seen with tripelennamine, adren- 
aline and isoprenaline. 

The duration of the effect of the isoprenaline 
and adrenaline (Table II) aerosols was extremely 
short ; the isoprenaline effect had disappeared after 
30 min. and that of adrenaline after 1 hr. The 
injection of both substances (Table II) was effec- 
tive for several hours. Aminophylline injections 
(Table III), which gave complete immediate pro- 
tection, lost their effect 6 hr. later. 


DISCUSSION 


The high degree of protection achieved by 
inhalation may seem surprising. It is certain that 
the amounts of substance inhaled and absorbed 
during an exposure of 10 sec. must be very small 
indeed. Moreover, the effects of the absorption 
of these small amounts appear within a few 


seconds. A similar observation has been made ip 
man. In an attack of induced asthma the effect 
of 10 sec. isoprenaline inhalation becomes 


apparent about 20 sec. after the end of the 
inhalation, when the respiration becomes deeper 
and the rate increases. This appears to be due 
to a central stimulating effect on respiration. The 
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decrease of bronchial obstruction, measured by 
‘the speed of the expiratory flow or by the vital 
capacity, shows the effect of the drug at the same 
time and reaches its maximum after 1 min. or 
a little later. If the substance is taken perlingually, 
its effect does not become noticeable for 3 or 4 
min., and the amount needed is many times greater. 
The longer period of time is needed for the 
absorption of the substance and its transport by 
the blood stream to its site of action. By inhal- 
ation the substances are effective almost imme- 
diately, because only a negligible interval is 
required for absorption and transport. We are 
thus driven to the conclusion that the substances 
which act with such speed act in the cells in which 
they are absorbed. The few seconds which pass 
before their action occurs are probably required 
for the penetration of the film of mucus covering 
the cells of the mucous membrane. This would 
explain how an inhalation of 1% adrenaline for 
about 15 sec., which could not lead to an absorp- 
tion of more than a few micrograms, could 
achieve as great a degree of protection as the 
injection of 200 yg. The latter amount is dis- 
tributed throughout the body in order to reach the 
bronchi, and the amount acting on the mucous 
membrane can be only a fraction of the amount 
injected. The same is seen with tripelennamine. 
Here the inhalation of a 1% solution, with a prob- 
able retention of about 6 pg., gives a percentage 
protection of about 40, whilst by injection 50 
pg. was the smallest dose with which any notice- 
able protection was achieved. 

On the other hand, our assumption would also 
explain the short duration of the effect of inhal- 
ation. The small amount deposited in the mucous 
membrane would at once be destroyed or absorbed 
into the blood stream. In either event the effective 
concentration would be reduced considerably 
within a short time, and in fact the high protec- 
tion given by isoprenaline and adrenaline dis- 
appears within about half an hour, whilst that 
given by the injection lasts for a few hours. This 
difference points to the fact that it is not so much 
destruction of the substance as its changing dis- 
tribution which causes the difference in the 
duration of its effect. A few micrograms spread 
over the whole body constitute a subthreshold 
dose, whereas the same amount concentrated in the 
bronchial membrane has a demonstrable effect. 


This becomes still more evident with the anti- 
histamines. If injected, their effect lasts for many 
hours; in the case of promethazine it can be 
traced even after 17 and 22 hours; in others it is 
less, and, on the whole, the effective periods 


observed are very similar to those Bain (1949) has 
found for the action of these drugs against hist- 
amine. The effect of aerosols, however, disappears 
after 1-2 hours. Thus the effect of the antihist- 
amines lasts longer than that of the sympatho- 
mimetic amines whether they are inhaled or 
injected, but for both groups the inhalation effect 
is much the shorter. It is interesting to note that 
similar differences in the effect of the aerosols of 
the various antihistamines are observed whether 
these are injected or inhaled. In agreement with 
clinical experience tripelennamine and prometh- 
azine have been found stronger than diphenhy- 
dramine and chlorcyclizine. 

Aminophylline differs from antihistaminic and 
sympathomimetic drugs in various respects. If 
injected, its protective effect is greater than with 
either of these groups; the duration of its effect 
is less than that of the antihistamines, but longer 
than that of the sympathomimetic amines. The 
effect of aminophylline aerosol is, by con- 
trast, disappointing. Its protective action is weak, 
and it cannot be increased by longer inhalation 
even at higher concentration. This suggests that 
its mechanism of action differs from that of the 
other substances. 

Little is known of the mechanism of aminophyl- 
line action in general, and any explanation is there- 
fore bound to be purely speculative. The low level 
of protection by inhalation may suggest that the 
aerosol does not act upon the same cells on the 
surface of the mucosa as do the other substances. 
If aminophylline were to act in a deeper layer of 
the tissue—if it were to act, for example, on blood 
vesseis o{').i than the most superficial capillaries— 
it would require transport to this site of action. 
Its accumulation at the site of absorption would 
not increase its effect. Once its transport had 
begun it would pass its particular site of action in 
the deeper layers of the tissue, since it is only in 
transit. This would prevent its accumulation at 
this site, and the action would thus be produced 
by only a part of the inhaled total when that 
happened to pass the reactive tissue or organs. 

A curious feature of these experiments is the 
effect of higher concentrations of some anti- 
histamines which cause an asthma-like dyspnoea 
instead of protecting against it, as lower concen- 
trations do. Similar reactions have been found in 
human asthma with promethazine, tripelennamine, 
and ephedrine (Herxheimer, 1952b). The reasons 
for this are not clear; it may be recalled that 
Arunlakshana has found (1953) that antihistamines 
under some conditions cause the release of hist- 
amine. Another possible reason is the local irritant 
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action of some antihistamines which Bain, Hellier, 
and Warin (1948) found when the drugs were in- 
jected intradermally. 

The practical consequences of these results for 
the pharmacology of human asthma are mainly 
confirmatory. It has been known for a long time 
that adrenaline and isoprenaline aerosols have an 
almost immediate relieving effect in bronchial 
asthma, and that they are less likely to cause un- 
pleasant systemic side effects than oral or sub- 
cutaneous application. What has been less well 
known is the short duration of this relieving effect 
by inhalation. There are many chronic asthmatics 
whose bronchial obstruction is continuous and 
does not fluctuate much in intensity. These patients 
often insist that they must inhale every 14-3 hr., 
and some clinicians are inclined to attribute this 
insistence to habit rather than a necessity. Our 
experiments show that there may often be a real 
necessity for repeated inhalation. 

The protective action of an antihistaminic 
aerosol has been noticed before (Herxheimer, 
1949; Friebel, 1953). In practice, the relieving 
effect of sympathomimetic aerosols needs less time 
and is stronger than that of antihistaminic aero- 
sols ; the latter therefore are not recommended for 
the treatment of asthma. 

The long duration of the injection effect of the 
antihistamines is also borne out by practical experi- 
ence. Not only has Bain (1949), as mentioned 
before, found this long duration in their action 
against histamine itself, but in asthmatic patients 
this long lasting effect can be easily observed. If 
a patient is given, for instance, diphenhydramine 
at bedtime, its antiasthmatic (and its sedative) effect 
decreases sharply after 6-8 hr. Promethazine 
and chlorcyclizine, however, still show a definite 
effect in the morning, often 12-13 hr. or more 
after administration. 


SUMMARY 


1. Antihistamines and sympathomimetic amines 
administered by aerosol protect guinea-pigs 
against anaphylactic shock. Relatively small 
amounts inhaled give a high degree of protection, 
often equalling that achieved by intramuscular 
injection. Whilst the effect of the latter lasts for 
many hours and then slowly decreases, that of the 
former decreases almost immediately. Protection 
by an aerosol is hardly detectable after 2 hr. 
with antihistamines and after 30 min. with sym- 
pathomimetic amines. 
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2. For approximately equal degrees of protec- 
tion, much smaller total amounts are necessary by 
inhalation than by injection. Given by inhalation, 
the drugs are initially concentrated at their site of 
action, but are presumably quickly removed by 
the circulation. Given by injection, the drugs are 
widely distributed and must accordingly be given 
in much greater amount. Their action persists for 
a much longer period, until they are excreted or 
destroyed. " 


3. Aminophylline aerosol has a weak protective 
action against anaphylactic shock, and the protec- 
tion cannot be increased by longer inhalation or 
by an increase in the concentration of the inhalant. 
By contrast, the protection given by intraperitoneal 
aminophylline is higher than that of any antihist- 
aminic or sympathomimetic drug. It is suggested 
that the relative inefficiency of the aminophylline 
aerosol may be accounted for by aminophylline 
having a different site of action from that of the 
antihistaminic and sympathomimetic drugs. 


4. The differences between the protective 
strength of the various antihistamines and their 
duration of action correspond to the differences 
observed clinically. 

5. The effect of antihistaminic substances lasts 
longer than that of sympathomimetic amines what- 
ever the route of administration. 


This work was assisted by a personal grant from 
the Medical Research Council and by a grant for 
technical assistance from the Asthma Research Coun- 
cil. I am also indebted to Dr. P. Armitage, of the 
Statistical Research Unit, M.R.C., for the statistical 
analysis of the results. 
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Many organic phosphorus compounds are now 
known which are potent inhibitors of cholin- 
esterase, and all have high toxicities. A compre- 
hensive list of such compounds has been published 
by Holmstedt (1951), and from this we can distin- 
guish several substances which have proved to be 
biologically interesting and important, such as 
diisopropyl phosphofluoridate (DFP), diethyl 
p-nitrophenyl phosphate (E600; “ Mintacol”), 
ethyl NN-dimethylphosphoramidocyanidate (‘ Ta- 
bun”), isopropyl methylphosphonofiuoridate 
(“Sarin”), 3: 3-dimethyl-n-butyl 2-methylphos- 
phonofluoridate (“Soman”), and tetraethyl pyro- 
phosphate (TEPP). 

All these compounds produce qualitatively 
similar effects when administered to mammals. 
A lethal dose produces the following picture in the 
conscious animal. There is muscular fasciculation, 
followed by violent incoordinate convulsive move- 
ments, prostration, gasping respiratory movements 
and signs of “air hunger,” engorgement of the 
veins, and often micturition and defaecation. Un- 
consciousness follows, respiration ceases, the heart 
slows and the pupils may contract (miosis always 
occurs early if the eyes are exposed directly to the 
drug). Then the skin capillaries collapse and 
finally the heart ceases to beat. 

At autopsy the picture is similar whatever the 
method of administration. The diaphragm is 
elevated, with the lungs usually collapsed and 
ischaemic athough occasionally they are con- 
gested. There is spasm of the small intestine and 
the abdominal viscera, with peritoneal effusion, 
and the spanchnic veins are engorged with dark 
venous blood. The right heart is distended and 
the left ventricle is often empty. Apart from 
the “venous” colour of the arterial blood, the 
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brain is generally normal in appearance, but there 
are sometimes a few petechiae in the brain sub- 
stance. 

The general picture in all the species studied— 
mouse, rat, guinea-pig, rabbit, cat, dog, monkey, 
sheep, and goat—is characteristic of the asphyxial 
state and it is evident that failure of respiration 
is the predominant effect produced by intoxication 
with an anticholinesterase (DFP, E600, tabun, 
sarin, soman, TEPP). 

There is, however, no general agreement as to 
how the final respiratory failure occurs. Failure 
of the respiratory control mechanism in the central 
nervous system has been suggested as the dominant 
factor (Modell, Krop, Hitchcock, and Riker, 1946 ; 
Freedman and Himwich, 1949); others stress the 
part played by bronchospasm, stating that this by 
itself can prove fatal (Koppanyi, 1948); others 
again are of the opinion that neuromuscular para- 
lysis may be a significant factor (Riker and 
Wescoe, 1949). The evidence for each of these 
three possible causes will be considered separately. 

Whatever the cause of the respiratory failure 
may be, it usually leads, in absence of treatment, 
to death from asphyxia. 

Treatment is along two lines—application of 
artificial respiration and administration of atropine. 
Conjointly, these are more effective than is either 
course separately. Although atropine is only able 
to counteract the muscarinic actions of acetyl- 
choline its efficacy in restoring the respiratory 
centres to an adequate state of activity is unques- 
tionable (Douglas and Matthews, 1952). 


METHODS 


Experiments were carried out on cats, dogs, rabbits, 
monkeys, sheep, goats, mice, rats, and guinea-pigs. 
Eserine, DFP, E600, tabun, sarin, soman, and TEPP 
were chiefly used. Administration has been most 
commonly by intravenous injection or by inhalation. 
For some purposes we have used subcutaneous, intra- 
muscular, intra-arterial, and intracisternal injections ; 
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injections into special parts of the C.N.S. by micro- 
syringe ; instillations into the conjunctival sac, and 
applications to the clipped or depilated skin. 

Phenobarbitone or pentobarbitone intraperitoneally, 
or urethane intravenously, were the anaesthetics most 
commonly used. Some cats were decapitated under 
ether and given artificial respiration. 

Respiratory volumes were recorded by a water- 
floated counterpoised spirometer ; diaphragm contrac- 
tions by the phrenograph described by de Candole, 
Douglas, and Spencer (1950); intrapleural pressure 
by an intraoesophageal balloon, or by a pleural can- 
nula; and intra-abdominal pressures by a balloon 
inserted at the midline. Arterial pressures were re- 
corded from the femoral artery by a Hg manometer. 
Intravenous injections were made into the femoral 
vein. 

Nerve action potentials were amplified by a five- 
stage AC coupled amplifier and were photographed 
from the cathode-ray tube face. 

Other methods used are described in the appropriate 
parts of the text. 


RESULTS 


The Production of Bronchoconstriction—One 
salient feature of anticholinesterase poisoning in 
experimental animals is a lessened inflatability of 
the lungs. The effect has been observed in various 
species with such compounds as DFP (Modell 
et al., 1946; Heymans and Jacob, 1947), HETP 
(Dayrit, Manry, and Seevers, 1948), TPP (Verbeke, 
1949), and tabun (Holmstedt, 1951), and is often 
of such severity as to be suggested as the cause of 
death (Koelle and Gilman, 1949). This lessened 
distensibility of the lungs is generally attributed to 
bronchoconstriction. 

The occurrence of bronchoconstriction in anti- 
cholinesterase poisoning has been demonstrated 
radiographically. Rabbits were anaesthetized with 
urethane, 0.5 ml. of lipiodol introduced into the 
exposed trachea, and its spread watched on a 
fluorescent screen. With sarin, given intravenously, 
evidence of narrowing of the respiratory tubes was 
obtained at all dosage levels. With 100 yg./kg. 
sarin, narrowing of the bronchi and of all sizes of 
bronchioles occurred, and this was maximal 1 min. 
after the injection. 

A quantitative evaluation of the degree of 
bronchoconstriction has also been attempted in 
rabbits. The animals were anaesthetized with 
urethane and were.maintained on negative pressure 
ventilation by enclosing them in a Drinker-type 
machine which permitted a rhythmical reduction 
of pressure, constant in rate (52/min.) and extent, 
throughout the experiment. The chest was opened 
by splitting the sternum in the mid-line and the 
tidal air was measured by connecting the tracheal 
cannula to a rebreathing circuit comprising a soda- 

2G 


lime canister, gas circulator, and small recording 
spirometer. The artificial respiration was adjusted 
so that spontaneous respiratory movements con- 
tinued. 

After 40 ug./kg. sarin, intravenously, the pat- 
tern of response was similar in 12 out of 14 rabbits, 
the tidal air falling away within half a minute of 
the injection, reaching an average minimum value 
of 40% of normal at about 2 min., and there- 
after gradually increasing, so that by the third 
minute the tidal air was 55% of normal. In the 
other two rabbits the tidal air was only transiently 
diminished and the minute volume was hardly 
affected. The reason for this different behaviour 
was not apparent; both these animals showed 
other characteristic signs of anticholinesterase 
poisoning, such as muscular twitching and the 
cessation of spontaneous respiratory movements. 

Bronchoconstriction has been demonstrated in 
the decapitate cat and in the dog heart-lung prepar- 
ation. In the latter, however, the addition of 
acetylcholine to the circulating blood may be 
required. The explanation of the broncho- 
constriction in anticholinesterase poisoning has 
been disputed. It has been attributed to an action 
on the vagal ganglion cells (Verbeke, 1949 ; Hey- 
mans, 1949) or to a direct action on the effector 
cells (Koelle and Gilman, 1949) or to the accumu- 
lation of acetylcholine at the vagal postganglionic 
nerve endings (Koelle and Gilman, 1949). 

By the use of twin preparations of guinea-pig 
trachea (permitting the necessary control obser- 
vations) it has been shown that sarin, DFP, and 
TEPP, in high dilution, not only sensitize the 
isolated muscle to acetylcholine, but throw it into 
spasm just as eserine does. Their tracheal spasmo- 
genic potency parallels their ability to inhibit 
cholinesterase (Koppanyi, Karizmar, and King, 
1947), and the tracheal contractions induced show 
features—such as long latency and slow develop- 
ment—which have been held to characterize drugs 
acting indirectly by permitting the accumulation 
of acetylcholine (Adrian, Feldberg, and Kilby, 
1947). 

There is no doubt, therefore, that anticholin- 
esterases can produce bronchoconstriction, but it 
is doubtful if this is the main, general cause of 
failure of ventilation. Furthermore, although 
failure of respiration is the cause of death in all 
species, the severity of the bronchoconstriction 
produced by sarin, tabun, E600, DFP, and TEPP 
seems to vary with the species, being, at the time 
of acute failure, slight in rabbits, severe in cats, and 
often insignificant in monkeys. Thus, although 
in rabbits the degree of bronchoconstriction pro- 
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duced by sarin reduces the tidal air to 40% of 
normal 2 min. after poisoning, the broncho- 
constriction produced in cats (pentobarbitone 
anaesthesia) by tabun, sarin, E600, DFP, and 
TEPP is much more severe. Records of tidal air, 
intrapleural pressure, and phrenic nerve discharge 
show that immediately after injecting one of these 
drugs a marked degree of bronchoconstriction 
develops. The cat then makes more powerful 
inspiratory efforts and the tidal air increases again, 
but then respiration ceases abruptly (Fig. 1). With 
a large dose of anticholinesterase, bronchoconstric- 
tion may be complete, inspiratory efforts con- 
tinuing without any resulting air intake. 


In the monkey anaesthetized with pento- 
barbitone, the bronchoconstriction produced by 
the compounds listed develops more slowly than in 
the cat and does not become so severe. It seems 
evident, therefore, on the basis of the data presen- 
ted, that the failure of ventilation after intoxication 
with an anticholinesterase cannot be attributed 
solely to loss of distensibility of the lungs from 


an insufficiency of the respiratory “bellows” 
mechanism ? 
Production of Neuromuscular Block.—The 


activity of the respiratory muscles during anti- 
cholinesterase poisoning has been studied in some 
detail in the rabbit anaesthetized with urethane. 
In one series of experiments the phrenic nerve was 
stimulated supramaximally at 50-70/sec. every 
other second and the diaphragm contractions were 
recorded by means of the phrenograph, the rabbit 
being artificially ventilated with the chest open. 
Fig. 2 shows that, within 5 seconds from the end 
of the intravenous injection of 40 yg./kg. sarin, the 
height of the tetanic response of the diaphragm to 
stimulation of the phrenic nerve was much 
reduced. Ten seconds after the injection the 
diaphragm had ceased to respond tetanically, 
giving only a single twitch to the first of each 
train of impulses. A weil maintained tetanus 
could, however, still be obtained by direct stimu- 
lation of the diaphragm. As would be expected, 
the twitch response of the diaphragm to single 
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Fic. 1.—Cat, pentobarbitone. 
pressure (femoral artery). 


Records, from above down, of tidal air; intrapleural pressure (balloon in thoracic oesophagus); 
E600, 1.5 mg./kg. injected intravenously at signal. 
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Contractions of diaphragm (recorded by phrenograph) in response to repetitive stimulation of right phrenic nerve. 


2.—Rabbit, urethane, open chest. 
The effect of direct stimulation of the diaphragm 2 min. 20 sec. from the injection is shown on the 


40 wg./kg. sarin injected intravenously at upper signal. 


right. 





(The small pointed waves were caused by displacement due to the artificial respiration.) 


stimulus every 10 sec.) was not abolished by 40 
pg./kg. sarin, being first increased and then only 
slightly reduced. 

The block to rapidly repeated indirect stimu- 
lation (an example of Wedensky inhibition ; 
Wedensky, 1885; Adrian, 1913) has also been 
found to occur in the isolated phrenic-diaphragm 
preparation of the rat (Biilbring, 1946) with eserine, 
neostigmine, DFP, TEPP, tabun, sarin, soman, 
E600, and other anticholinesterases (Evans, 1951). 
On washing, the inhibition from eserine and E600 
was removed easily, from TEPP more slowly, but 
from DFP only when the concentration was low 
and the exposure time short. 

Thus, undoubtedly, neuromuscular block can 
and does develop rapidly after sufficiently intense 
anticholinesterase poisoning, but the results from 
the isolated diaphragm, and from the stimulation 
experiments described above, cannot be taken to 
apply generally to the intact animal: breathing 
spontaneously. Repetitive stimulation of the 
phrenic nerve for some considerable time before 
the injection of the drug would result in an abnor- 
mally high activity of the acetylcholine neurg- 
muscular transmission mechanism and thus pre- 
dispose it to block (see, for example, Burns and 


Paton, 1951). Such stimulation would also be 
expected to cause vasodilatation in the diaphragm, 
perhaps resulting in a greater amount of the drug 
reaching the muscle than would normally be the 
case. Moreover, if neuromuscular block were the 
sole cause of respiratory failure, it would be diffi- 
cult to account for the action of atropine in 
preventing death from anticholinesterase poison- 
ing, since atropine does not relieve the neuro- 
muscular block caused by anticholinesterase drugs. 

It is therefore necessary to study the results of 
experiments in which the physiological state of 
the animal was undisturbed until the immediate 
effects of the drug were over. The right phrenic 
nerve in the neck of a rabbit was placed on silver- 
silver chloride stimulating electrodes, but was not 
cut. Sarin, 40 yg./kg., was injected into the 
femoral vein, and, immediately after spontaneous 
respiration had ceased, the phrenic nerve was 
stimulated supramaximally at 30/sec. for periods 
of 1 second, the diaphragm response being 
recorded by the phrenograph. Control diaphragm 
contractions were obtained at least 5 min. before 
the injection by stimulating the nerve during the 
apnoea following forced hyperventilation. The 
stimulus rate was 30/sec., because this is about the 
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Fic. 3.—Rabbit, urethane. Closed chest, normal respiration. Diaphragm contractions (phrenograph). a.—Control response to repetitive stimulation of 
phrenic nerve during apnoea after forced hyperventilation. 6.—Spontaneous diaphragm contractions and responses to stimulation (upper signal) 4 
sarin 40 yg./kg. intravenously at signal. Time, 1 sec. 





normal rate of discharge of the spontaneous 
diaphragm action potentials of an anaesthetized 
rabbit breathing quietly. In a study of neuro- 
muscular block this would be important, since any 
developing block at the neuromuscular junction 
will prevent the transmission of stimuli of higher 
frequencies while still allowing those of normal 
frequency to pass. 

In rabbits given sarin 40 yg./kg. the develop- 
ment of neuromuscular block varied considerably 
without parallel variations in the picture of respir- 
atory failure. In some experiments there was 
little, if any, block at the diaphragm after spon- 
taneous contractions had ceased, whereas in others 
(Fig. 3) neuromuscular block developed more 
rapidly but was still not sufficient to account for 
the initial rapid reduction in diaphragmatic 
activity. 


Production of Central Respiratory Failure.— 
Since neither neuromuscular block at_ the 
diaphragm nor bronchoconstriction appears to be 
the sole cause of respiratory failure in the rabbit, 
experiments were done in which the action poten- 
tials in the upper root of the right phrenic nerve 
and the diaphragm contractions of the opposite 
side were recorded. Figs. 4A and 4B are records 
of a typical experiment, and show that there is 
a rapid diminution of the impulse traffic in the 
phrenic nerve after the injection of sarin, 40 pg./ 
kg., with no further discharge after the diaphragm 
contractions and resultant air intake have stopped. 
It would appear from this that the respiratory 
motor neurones have ceased firing and that the 
diaphragmatic paralysis results from this and not 
from a peripheral block. 

This central action is also shown with the other 
anticholinesterases used, although there may be 
differences in the relative rates at which 
they stop the central discharge and produce 
block at the neuromuscular junction. Tabun, 0.15 
mg./kg. i.v., resulted in complete neuromuscular 


block at the rabbit diaphragm 15 sec. after the 
injection. This led to an increased phrenic nerve 
discharge from central stimulation by asphyxia 
and by vagal or other afferent nervous discharge 
(Daly and Wright, 1953). The stimulation, how- 
ever, was insufficient to overcome the gradual 
depression of phrenic nerve discharges from the 
direct effect of the drug on the central respiratory 
mechanism, which caused the phrenic nerve 
impulses to cease 25 sec. from the injection. 
DFP, 4 mg./kg. i.v., stopped the central discharge 
of a rabbit 14 sec. from the start of the injection, 
thus resembling sarin (40 wg./kg.), whereas 
E600 (1.5 mg./kg.) and TEPP (300 yg./kg.) 
resemb!ed tabun in that neuromuscular block 
developed rapidly before central failure had 
occurred. 

Apart from any possible variations due to 
different rates of penetration of the various drugs, 
the relative rates of development of central inhi- 
bition and of neuromuscular block depend on the 
dose given. Daly and Wright (1953) have shown 
that with 30 »g./kg. sarin the discharge in a single 
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Fic. 4A.—Rabbit, urethane. Closed chest, normal respiration. 
Diaphragm contractions (phrenograph). Sarin, 40 wg./kg., 
injected intravenously at signal. 
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Fic. 4B. ae traffic in upper root of right phrenic nerve associated with phrenogram of Fig. 4A. 
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Numbers correspond to kymograph time-marker in Fig. 


phrenic nerve fibre of a rabbit first increases be- 
This has been confirmed, but 
with 40 yg./kg. the discharge has been found to 
fall off immediately without any initial increase. 


fore it finally fails. 


Both effects are shown in Fig. 5. 


Species Variations in Response.— 
From the effects of anticholinesterase 
drugs on the respiraticn of rabbits 
described above, it can be concluded 
that respiratory failure is due primarily 
to an action of the drugs on the cen- 
tral respiratory mechanism, often 
associated with a considerable degree 
of neuromuscular block at the dia- 
phragm. The chest muscles are less 
affected, so that chest movements of 
some magnitude may appear before 
and until the central inhibition is com- 
Bronchoconstriction is variab!e 
but not usually severe in rabbits or 
monkeys. 

As indicated above, a similar picture 
is not seen in other species. The most 
immediate effect of anticholinesterase 
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poisoning in the cat 
is a marked broncho- 
constriction. The 
consequent anoxia 
and hypercapnia 
cause a stimulation 
of the respiratory 
centre, and_ inspir- 
atory efforts con- 
tinue until the cen- 
tral discharge ceases 
abruptly. 
According to 
Douglas and Matt- 
hews (1952), the fac- 
tors responsible for 
respiratory failure in 
the cat poisoned with 
TEPP are paralysis 


of the _ respiratory 
muscles and failure 
of the _ respiratory 
centre, broncho- 


constriction playing 
a secondary role. 
However, experi- 
ments with _ sarin, 
tabun, E600, DFP, 
as well as_ with 
TEPP, show that the 


neuromuscular block is only of secondary impor- 
1) the large intrapleural pres- 
sures which develop after poisoning would not be 
possible if the respiratory muscles were inactive as 
a result of neuromuscular block. 


bef 


It was found 
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Fic $.—Rabbits, urethane. 


10 
TIME (sec.) 


15 


Impu'ses per inspiration in singe phrenic nerve fibres of 


two rabbits, one given 30 and the other 40 yg./kg. sarin intravenously. The 
black line under each curve indicates the injection 
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in some experiments that neuro- 
‘ muscular block did become Tidal Air 
complete at the diaphragm, but 
the picture of respiratory failure 
was nevertheless not changed, 


the important factor being that ,,,,.. 


TTT (WWW, — pwr 


/ Mw vA yw 


fal 
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the chest muscles remained oesophageal Gagmaawannniiinnnannes 


active. To demonstrate this, Pressure 
three experiments have been 
done with TEPP (0.3 mg./kg.) 
and two with E600 (1.5 mg./kg.) 
in which both phrenic nerves 
were cut before poisoning. The 
diaphragm was thus completely 
flaccid, but, until after the injec- pjgg4 
tion of the drug, adequate ventil- Pressure 
ation was maintained by the chest 
muscles alone. All five experi- 
ments showed the same result, of 
which Fig. 6 is an example. 
Even in this experiment where 


Chest 
Movements 


Time 5 sec. 





the chest muscles are more active Fig. 6.—Cat, pentobarbitone. Closed chest, spontaneous respiration. Both phrenic nerves 


than normally, there is evidently 


cut. Records from above downwards: tidal air, intrapleural pressure (intra-oesophageal 
balloon), chest movements (stethograph) (inspiration downwards for all three), blood 


no significant degree of neuro- pressure. Time, 5 sec. TEPP 300 yvg./kg. intravenously at signal. 


muscular block ; the immediate 
effect of the TEPP is to cause a marked broncho- 
constriction, as shown by the increased intrapleural 
pressures with reduced air intake. 

In monkeys respiratory failure in acute anti- 
cholinesterase poisoning, with all drugs used, 
appears to result entirely from inhibition of the 


: a | 


a, 


n 


\ . 


E 
som. Hg. 





central respiratory mechanism. The failure of 
respiration is characterized by a gradual reduction 
in the depth of inspiration, followed by an 
expiratory tone and forced expirations which pass 
off into apnoea (Fig. 7). 

With lower doses of the drugs, the central inhi- 
bition is overcome by asphyx- 
ial stimuli, and, after periods 
of apnoea of up to 33 min., 
the apnoea is broken by in- 
spiratory gasps. With sarin 
the inspiratory rate and depth 
gradually return to normal, 
but with E600 and TEPP, 
although the initial failure 
of respiration is the same as 
with sarin, the succeeding 
gasps are not so deep, and a 
record of diaphragm action 
potentials clearly shows 
some Wedensky block. The 
gasps were possibly not main- 
tained with these two drugs 
because the air intake was 
insufficient to enable the 
severely strained heart to 
recover from anoxia. 

That the initial inhibition 


Fic. 7.—Monkey, pentobarbitone. Records from above down: tidal air; intra-abdominal pressure Of inspiration results only 


(inspiration downwards in both); blood pressure. Time, 5 sec. TEPP 250 wg./kg. intraven- 


ously at signal. 


from a central action of the 
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435 The respiratory inhibition could be 
explained as being due to direct inhi- 

] bition of the phrenic motor neurones ; 
30 but, if this were so, some large- 


scale inhibitory mechanism must be 
assumed, since the phrenic discharges, 
the inspiratory intercostal activity, and 
the “inspiratory” impulses in the 
recurrent laryngeal branch of the 
vagus all run and cease in parallel. 
The alternative, and more probable, 
explanation is that the “respiratory 
centre” itself is inhibited either 
directly or as a result of inhibitory 
impulses from some other part of the 
45 central nervous system. 


i — i 
a =) & 
TIDAL AIR (c.x.) 
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Fic. 8.—Monkey, pentobarbitone. Closed circles: impu'ses per inspiration in single 
phrenic nerve fibre (left-hand ordinate). Open circles: associated tidal air (right- 


hand ordinate). 
intravenously. 


anticholinesterase is shown by the parallel reduc- 
tion in impulse traffic in the phrenic nerve. If the 
reduction in air intake were due to broncho- 
constriction or neuromuscular block, or both, the 
phrenic discharge would increase while the tidal 
air decreased. Fig. 8 shows that the number of 
impulses per inspiration in a single fibre of the 
phrenic nerve parallels very closely the air intake 
for each inspiration in the course of respiratory 
failure from sarin (30 pg./kg., i.v.). 

The action of the anticholinesterase drugs in 
incapacitating the central respiratory mechanism 
is probably not due to reflex influences from the 
periphery, since injection of the drugs into the 
cisterna magna or into the vertebral artery of the 
dog also causes respiratory inhibition although the 
doses were so small (5 yg.) that no peripheral 
effects occurred. Nor does the respiratory inhi- 
bition appear to be due to repetitive excitation of 
the central vagal neurones (cf. Dirken and Wold- 
ring, 1951), since no increase in discharge from the 
central end of the vagus nerve was found at the 
time of failure of the phrenic nerve discharge. 
There were, however, abundant discharges down 
the vagus after inspiration had stopped, and in the 
monkey these coincided with the forced expir- 
ations (Fig. 7). -If the inspiratory centre were 
inhibited reciprocally by activation of the expir- 
atory centre, the respiration would be expected 
to change gradually to the forced expiratory type. 
Some of the kymograph and electrical records sug- 
gest, however, that the expiratory activity occurs 
after the inhibition of inspiration, and is therefore 
the result, not the cause, of the inhibition. 


35 Other Possible 


The curves start at the end of the injection of sarin 30 yg./kg. 


Factors Affecting 
Respiration.—There is another pos- 
sible mechanism of respiratory failure 
which must be considered. The anti- 
cholinesterases may cause a profound 
fall in blood pressure, and it is conceivable 
that, with large doses, the blood pressure may be 
lowered to such a degree that the respiratory 
centre would fail because its blood supply proved 
inadequate. Thus, using cats anaesthetized with 
pentobarbitone, it has been shown repeatedly that 
200 yg./kg. sarin intravenously will cause a rapid 
depression of the blood pressure to about 30 mm. 
Hg, but that the heart continues to beat, and to 
maintain circulation, for several minutes after 
respiration has stopped. On only one occasion 
was the heart stopped by sarin, and this was only 
transitory. Then a picture reminiscent of vagal 
inhibition and escape was seen. In spinal cats it 
was found that when the animal was maintained 
on a respiration pump the heart continued to beat 
after doses of sarin of 2,000 yg./kg. 

However, the circulation might be slowed to 
such an extent that the respiratory centre failed 
owing to anoxia. The conditions of such anoxic 
failure of breathing were studied. The circulation 
in a cat was stopped completely by tightening a 
loose ligature which had been placed around the 
pulmonary artery. The last respiration occurred 
150 sec. after tightening the ligature, which is 
about equal to the longest time ever seen for con- 
tinuation of respiratory efforts following these 
large doses of sarin. 

In the poisoned animals the blood pressure is 
depressed, but not completely abolished as it is in 
the control experiment. Therefore, in another 
experiment, the blood pressure of a cat was 
lowered by haemorrhage to 30-40 mm. Hg on two 
occasions, the first time for 180 sec. and, a 
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few minutes later, for 270 sec., the pressure 
being restored at the end of each period by re- 
injecting the blood into the circulation. Respir- 
ation continued throughout these periods. Thus 
it is clear that failure of the circulation is not 
adequate to explain the failure of respiratory effort. 
A further indication of this is the fact that, 
although respiratory arrest occurs in the rat 
poisoned with an anticholinesterase, the drug 
causes a large rise in blood pressure in this species. 

One of the most striking effects of the anti- 
cholinesterase drugs in the conscious animal is the 
violent convulsions which occur. It was shown 
by Wescoe, Green, Macnamara, and Krop (1948) 
that DFP produces convulsive EEG patterns in 
curarized cats and monkeys, and it might be sup- 
posed that such a result might affect the picture of 
respiratory movements. During anticholinesterase 
poisoning from intravenous injection the respira- 
tion of conscious monkeys has been recorded using 
a face mask made air-tight with petroleum jelly and 
connected through valves to a spirometer. Respir- 
atory failure occurred in the same general way as 
described above for the anaesthetized monkeys, 
though the picture was complicated by the addition 
of the convulsive movements. 

Another central effect of the anticholinesterase 
drugs is an action on spinal cord reflexes (for 
review see Gerard, 1950). Chennells, Floyd, and 
Wright (1949), using myographic methods, found 
that TEPP facilitates various reflexes (knee jerk, 
flexor, peroneal and crossed extensor) and induces 
convulsions. The effects were due to a direct 
action of the drug on the central nervous system. 
The intravenous injection of a large dose of sarin 
(200 pg./kg.) to cats abolishes, within about 20 
sec., the monosynaptic spike of the ventral root 
response elicited by maximal stimulation of the 
dorsal root. This is followed by inhibition of the 
polysynaptic spikes. 

Holmstedt and Skoglund (1953) have obtained 
a similar inhibition of the monosynaptic spike 
following the intra-arterial injection of small doses 
of tabun, but find that there is an associated 
increase in the polysynaptic spikes. With intra- 
arterial DFP, both the monosynaptic and poly- 
synaptic spikes were facilitated. 


SUMMARY 


1. The effect of various anticholinesterase drugs 
in producing respiratory failure in mammals has 
been analysed. 


2. All the drugs studied can impair ventilation 
in three main ways: by producing (1) broncho- 
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constriction, (2) neuromuscular block, and (3) 
central respiratory failure. 


3. The central failure seems to be the pre- 
dominant factor in most instances, but the detailed 
picture varies with the species studied, the drug 
used, and the dosage administered. Thus, in the 
rabbit, bronchoconstriction is slight and develops 
slowly, while neuromuscular block may be severe 
at the diaphragm but is less marked at the chest 
muscles. In the cat, bronchoconstriction may be 
early and severe, and again, although neuro- 
muscular block may occur at the diaphragm, 
the chest muscles retain their activity until central 
failure occurs. In the monkey, central failure 
appears to be the sole cause of cessation of 
ventilation, the bronchoconstriction and neuro- 
muscular block being insignificant at the time of 
respiratory failure. 


4. The depression of the activity of the respir- 
atory centre is apparently due to an action of the 
anticholinesterase within the central nervous 
system. 


5. Atropine will protect against the central inhi- 
bition and the bronchoconstriction, and artificial 
ventilation will maintain life in the presence of 
neuromuscular block. 


Acknowledgment is made to the Chief Scientist, 
Ministry of Supply, for permission to publish this 
work. 

The figures are reproduced by permission of the 
Controller, H.M.S.O. Crown copyright reserved. 
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FEATURES TO BIOLOGICAL PROPERTIES 


BY 
C. R. RICKETTS anp K. W. WALTON 


From the Medical Research Council Industrial Injuries and Burns Research Unit, Birmingham Accident 
Hospital ; and the Department of Experimental Pathology, University of Birmingham 
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In a previous paper (Ricketts, 1952a) a series of 
dextran sulphate preparations varying widely in 
molecular weight and sulphur content was 
described. The biological properties of these 
compounds were examined by Walton (1951, 
1952), who found that molecular weight was the 
principal feature determining toxicity, the smaller 
molecules being the least toxic. At molecular 
weights (M,) of the order of 7,000 a blood anti- 
coagulant activity of about 15 international 
heparin units per mg. was attained when the degree 
of sulphation exceeded an average of 1.3 sulphate 
groups per glucose unit. It is in this region, where 
therapeutically useful anticoagulant activity is to 
be found, that a more detailed exploration of the 
relation between molecular features and biological 
properties than was provided by earlier work is 
necessary. The fractional precipitation of dextran 
sulphate from solution brings about, to some 
extent, a separation of molecular sizes. Explor- 
ation of the biological properties of such fractions 
provides an indication of the optimum molecular 
weight distribution in dextran sulphate intended 
for clinical use as an anticoagulant. 


MATERIALS AND METHODS 


Sulphur content was determined as previously de- 
scribed (Ricketts, 1952a). Intrinsic viscosity was 
measured in a No. 1 B.S.S. viscometer at 37°C. Over 
the range of concentration 1 to 4%, in a 0.9% sodium 
chloride solution the plot » sp.*/c against c was linear, 
the intercept being the intrinsic viscosity. 

Anticoagulant activity was measured as follows: 
sodium dextran sulphate 60 to 120 ug. in 0.1 ml. saline 
mixed with oxalated horse plasma (1 ml. 0.1M-potas- 
sium oxalate per 9 ml. blood) was incubated for 30 
minutes at 37°C. Thrombokinase solution, 0.1 ml. 
(Difco, diluted 1:10 to 1:400 as required to give 
convenient clotting iimes), was added, followed by 
0.1 ml. 0.025m-calcium chloride solution. Tubes were 
tilted at minute intervals and clotting was recorded 
up to 20 minutes. If clotting occurred at the same 
time in two tubes they were taken to contain the same 
number of units of anticoagulant activity. Inter- 
mediate values were obtained by interpolation. Accu- 


* sp. is specific viscosity. 


racy is limited, because the observations are at minute 
intervals, to about +15%. 

Samples of dextran sulphate powder contained 8 to 
15% moisture, which was determined for each sample 
by drying to constant weight in vacuo over phos- 
phorus pentoxide at 60°C. The figures of Table I 
are corrected for this moisture content. 

The precipitation of fibrinogen and other proteins 
from blood plasma is a limiting factor in the use of 
sulphated polysaccharides as clinical anticoagulants 
(Walton, 1952). This had previously been found to 
occur with dextran sulphate having a molecular weight 
in excess of about 20,000. Its occurrence in occasional 
samples of lower molecular weight suggested that such 
samples were unusually polydisperse. This possibility 
was investigated by fractional precipitation of one 
such sample with ethanol. 

The fractionation was carried out as follows: 
ethanol was added to 15.4 g. of sodium dextran sul- 
phate in 77 ml. 0.72% sodium chloride buffered with 
sodium bicarbonate at pH 7.3, to incipient turbidity 
at 30°C.; 108 ml. was required. The mixture was 
warmed until it became homogeneous at 33° C., and 
allowed to cool slowly. The precipitated syrup was 
separated and triturated in ethanol to a powder, frac- 
tion 1. Successive fractions were obtained similarly 
after the addition of further amounts, 2.5 to 25 ml., 
of ethanol. 


RESULTS 


Table I summarizes the properties of the initial 
sodium dextran sulphate and the seven fractions 
derived from it. Consideration of this table shows 
that 77% of the initial material is accounted for 
in these fractions. There was reason to suppose 
that the larger molecules would appear in the 
earlier fractions, and the intrinsic viscosity 
measurements show that this occurred. If, as 
seems likely, intrinsic viscosity is an additive pro- 
perty in this system, nearly the whole (80.2%) of 
the intrinsic viscosity can be accounted for. 
Material remaining in the solution at the final 
ethanol concentration, 52% v/v, was most prob- 
ably of very short chain length and correspond- 
ingly low intrinsic viscosity. There is remarkably 
little variation in the sulphur content of the frac- 
tions until fraction 7, which has appreciably less 
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TABLE I 
FRACTIONATION OF DEXTRAN SULPHATE 
oc; Activity | Fibrinogen| Deposit 
Fraction % by | Intrinsic} %S in (Units | Preci 
pita- | in RE 
No. Weight | Viscosity | Na Salt per mg.) lon Cells 
Original — | 0-044 | 179 | 16-5 + + 
material | | 
1 14-69 0-070 19-4 20-7 +++ a 
2 11-44 0-058 19-3 20-2 ++ + 
3 10-25 0-054 20-6 20:7 ++ + 
4 | 11-23 | 0-044 19-4 17-7 + +- 
5 15:44 | 0-035 19-6 14-2 0 0 
6 | 9-83 | 0-026 19-3 1-9 | 0 0 
7 3-95 — 14-9 46 | 0 0 
| 
sulphur. In all, 82.9% of the original sulphur is 


accounted for. 

Comparisons of the original dextran sulphate 
with the International Standard Heparin prepara- 
tion have indicated an activity close to 15.u./mg., 
or 16.5 u./mg. dry basis. This figure was assumed 
for the purpose of comparing the fractions with 
the original material. The sum of the activities 
of the fractions accounts for 80% of the original 
activity. From these measurements anticoagulant 
activity is seen to decrease slightly with decreasing 
intrinsic viscosity in the range 0.054 to 0.026. 

The occurrence or otherwise of precipitation of 
fibrinogen in vitro by these fractions was investi- 
gated under physiological conditions of tempera- 
ture, pH, and ionic strength by the technique 
previously described (Walton, 1952). Plus signs 
in Table I denote the extent of the precipitation 
observed. 

It has previously been shown that similar pre- 
cipitation occurs in vivo. The insoluble dextran 
sulphate protein complex formed in the blood 
stream is removed by the phagocytic activity of 
reticulo-endothelial cells in the liver, spleen, and 
bone marrow, and may be detected histologically 
in sections stained with toluidine blue (Walton, 
1951). 

It will be seen from the table that fibrinogen pre- 
cipitation persists down to fraction 4 and that in 
this respect there was satisfactory correlation of 
the in vitro and in vivo tests for its occurrence. 


DISCUSSION 


Considering firstly the factors which affect frac- 
tionation, the solubility of a molecular species of 
dextran sulphate in ethanol-water solution is deter- 
mined by the concentration of each component, 
temperature, ionic strength, and pH.  Theoreti- 
cally, dextran sulphate molecules may vary in 
length, and possibly in degree of branching, as 
well as in average degree of sulphation and uni- 
formity of distribution of sulphate groups. Some 
limitation is, however, imposed by the relatively 
small number of glucose units in each molecule 
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and by the comparatively high degree of sulpha- 
tion. Provided sufficient electrolyte be present to 
avoid anomalies in viscosity, and to give a linear 
relation of » sp./c with c, the intrinsic viscosity so 
obtained is probably a measure of the length of the 
molecule. Although slightly lower intrinsic vis- 
cosities may be obtained in molar sodium chloride, 
there is probably some value in figures obtained 
in 0.9% sodium chloride, since activity measure- 
ments and other biological tests are made close to 
this ionic strength. Use of the original material 
as a standard of comparison for anticoagulant acti- 
vity helps to overcome uncertainties about the 
validity of comparing different substances in a bio- 
logical assay. Although the accuracy of the 
activity assays is not high, the progressive fall of 
anticoagulant activity with intrinsic viscosity is 
undoubtedly real. 

For a clinical anticoagulant, the highest activity 
consistent with the absence of fibrinogen precipita- 
tion and its associated pathological effects is re- 
quired. The indications are that this would be 
provided by preparations similar in molecular 
composition to fractions 5 and 6. When these frac- 
tions were injected into rabbits the expected eleva- 
tion of blood clotting time occurred. In view of 
the results with sulphuric esters of oligosaccharides 
in the maltose series, which displayed anticoagu- 
lant activity in vitro but were relatively ineffective 
in vivo (Ricketts, 1952b), it would be of interest to 
explore the properties of even smaller dextran sul- 
phate molecules, and this is being done. 


SUMMARY 


1. Earlier work indicated that the smaller mole- 
cules of dextran sulphate might be useful anti- 
coagulants. This paper describes more precisely 
the gradation of biological properties with mole- 
cular size. 

2. Sodium dextran sulphate having about two 
sulphate groups per glucose unit was subjected to 
fractional precipitation from ethanol-water solu- 
tion. A fraction containing 19.6% S and having 
an intrinsic viscosity of 0.035 showed an anti- 
coagulant activity of 14.2 units per mg., and was 
free from undesirable properties. 


Thanks are due to Mr. M. Hall for his help in the 
laboratory. We are grateful to Messrs. Dextran Ltd. 
for the gift of a specially graded preparation of dex- 
tran from which the dextran sulphate used for these 
experiments was readily prenared. 
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N(a-Methyl--dimethylaminoethy!)phenothiazine hy- 
drochloride: see “* Lergigan ”’ 

Methylene blue, antiplasmodial activity of, 162 

Methylephedrine, antianaphylactic effect of, 177 

N-Methylephedrine, antianaphylactic effect of, 177 
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Mydriasis as index of ganglion-blocking activity, 10 
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193 

— (— lobe), analysis of hormones of, 435 
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Quinoxaline-1 : 4-dioxide, chemotherapeutic agents 
derived from, 286, 297 


R 
Radiographic contrast agent, propyliodone as, 166 
Rat poison from white squill, 440 
Respiratory effects of 5-hydroxytryptamine, 238 
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zylpteridine against, 444 ; 

Stimulant drugs, technique for comparison of, 46 

Streptomycin and other drugs in experimental 
tuberculosis, 259 
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